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ABSTRACT
Bioactive glasses have been widely used in several biomedical and tissue 
engineering applications since the late 1960s. Numerous families of bioactive glasses 
have emerged over the years, with each having its own advantage and disadvantage. One 
concern common to all families is that most bioactive glasses create a basic or acidic 
environment when degraded and, therefore, are toxic for cells. Recently, there has been 
an increased interest in borophosphate bioactive glass (BPBGs) because of their neutral 
pH, release of therapeutic ions, and biodegradable properties. Despite the growing 
interest, there is little reported on the bioactivity of BPBGs. The biological effects of a 
novel series of BPBG were investigated in these studies. BPBGs were tested on human 
adipose stem cells (ASCs) and endothelial cells (ECs) and evaluated for viability, 
d ifferentiation, migration, secretome activity, and angiogenesis. The results showed that 
some of the BPBG compositions created a neutral pH environment and thus, showed a 
high level of cell viability in direct contact under normal static conditions in vitro. 
Moreover, some of the BPBG compositions increased angiogenesis and altered the ASCs 
secretome. These results indicate that each of the BPBG compositions have a specific 
therapeutic pattern with a significant potential in the clinical and biomedical applications.
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In this section, a brief introduction to the main topics of the thesis is described.
1.1.1. Bioactive Glasses. Bioactive glasses (BGs) are a special type of oxide- 
based ceramics1. They can be fabricated by either sol-gel or melting routes to form 
different shapes and sizes such as powders, fibers, and scaffolds2.
1.1.1.1. Silicate bioactive glass (Bioglass®). One specific composition of silicate 
bioactive glass (SBG), known as 45S5 in literature and Bioglass® on the market, is 
composed of four different oxides (45.0% SiO2-24.5% Na2O-24.5%  CaO-6.0% P2O5). 
It was the first BG and invented by the pioneer Larry Hench in 1969 when his team 
discovered the glass bonded to soft and hard tissues after six weeks of implantation in rat 
femoral bones 3. The phenomenon of glass bonding to tissues and forming hydroxyapatite 
on the surface of bone is known as biocompatibility. Before the invention of this novel 
Bioglass®, all implant materials such as metals and polymers, triggered an immune 
reaction and encapsulation after implantation rather than forming a stable bond with 
tissues. Bioglass®, on the other hand, proved to be biocompatible by stimulating a 
beneficial response in the body, causing tissue regeneration over time 3,4.
Since Bioglass® was invented, several types of BGs have emerged over the years, 
including borate-based and phosphate-based glasses. In addition to creating different 
compositions, researchers continue to modify the base compositions by doping them with 
ions of interest 5.
2
1.1.1.2. Borate bioactive glass (Miragen). Borate-based glasses (BBG) are 
another main class of BGs in which silica is replaced with boron. When compared to 
silicate BGs, BBGs had a faster degradation rate, more hydroxyapatite formation, and a 
quicker release of ions 6. Over the years, a wide range of BBGs have emerged 6,8-10 One 
BBG composition, known as 13-93B3 in literature and commercially as Mirragen, has 
contributed to the healing of chronic wounds in the clinic 11. However, BBGs release 
boron, increasing the pH to toxic levels in static cell culture conditions 12,13. To 
overcome this limitation, Hohenbild et al. pre-reacted the glass in cell culture media, 
which controlled the pH environment 14. However, the specific time period and 
methodology of pre-reacting glass is still unclear. Furthermore, pre-reacting glass is far 
from ideal in both the clinic and in the laboratory setting. Consequently, there has been a 
need and interest in creating a BG that provides a neutral pH. One method to do this is by 
changing the concentrations of boron and phosphate ions 12.
1.1.1.3. Phosphate bioactive glass. Phosphate based glasses (PBG) are another 
family of BGs but have the silica substituted with phosphate 15,16. PBGs can control the 
pH while they are degrading, and they have also been shown to promote angiogenesis 17. 
However, the preparation of PBG is challenging due to very high temperature 
requirements and their tendency to crystallize after thermal treatment 18.
1.1.1.4. Borophosphate bioactive glass. Borophosphate Bioactive Glasses 
(BPBGs) have emerged recently to provide the beneficial properties of both BBGs and 
PBGs 19,20. Figure 1.1 demonstrates the popularity of the BPBGs compared to the other
common BG classes obtained from the published data on google scholar over the last ten 
years. However, there is little reported on the bioactivity of BPBGs. Accordingly, this
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thesis evaluated the biological abilities of a novel BPBG series both in vitro and in vivo. 
A combination of cells was used in these studies: adipose stem cells (ASCs) were used 
because of their known regenerative capacity, and endothelial cells (ECs) were used to 
evaluate angiogenesis, rate limiting step in most tissue engineering applications 21. 
Angiogenesis was further investigated in vivo using a chick chorioallantoic membrane 
(CAM) assay.
Figure 1.1. Represents the most common classes of BGs in the literature obtained from 
the published data on google scholar over the last ten years. Silicate bioactive glasses 
(SBGs) showed the highest popularity among the other types of glasses. The chart 
represents the need to further investigate the BPBGs.
1.1.2. Adipose Stem Cells. ASCs have been used widely in cell therapy and 
tissue engineering applications because of their ability to differentiate into multiple cell 
lineages, as well as their immunomodulatory, angiogenic, migratory, and anti­
inflammatory effects both in vitro and in vivo 21,23-26 Additionally, the exosome and 
secretome of ASCs are of increasing interest due to their wide-ranging contribution to 
most tissue regeneration processes, including angiogenesis, extracellular matrix (ECM)
4
remodeling, and immune cell regulation 27-30. ASCs are greatly affected by their 
surrounding environmental “niche” and may change phenotype when exposed to a new 
biomaterial 31.
1.1.3. Endothelial Cells (ECs). The vascular system is a complex network of 
blood vessels such as arteries, capillaries, and veins. ECs play an essential role in the 
development and remodeling of vasculature by proliferating and migrating from pre­
existing vasculature in a process called angiogenesis 32. Achieving vascularization is a 
major challenge and a rate limiting step in most tissue engineering applications 33. A 
number of growth factors and proteins secreted by the ASCs, including vascular 
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and various 
members of the transforming growth factor beta (TGFP) family, are each involved in the 
angiogenesis process and affects the migration of the endothelial cells. Recently, studies 
done in vitro and in vivo have shown that BGs stimulate angiogenesis and 
vascularization, making these cells important to study with our novel BPBG 
composition34.
1.2. OBJECTIVES
The objective of the proposed research is to evaluate the bioactivity of a novel 
borophosphate bioactive glass both in vitro and in vivo. These BPBGs were designed 
with a series of boron to phosphate ratios in order to evaluate (1) their dissolution rates; 
(2) ions released into the solution; (3) their effect on the solution pH; (4) their cytotoxic 
effects on different types of cells; (5) their effect on cell function, including proliferation, 
migration, differentiation, and protein expression; and (6) their toxicity in vivo.
5
The following scope of work accomplished these goals:
- Paper I “Adipose Stem Cell Response to Novel Borophosphate Bioactive 
Glass” demonstrated that each glass composition could influence ASCs in a 
unique pattern in vitro and achieved goals 2-6 listed above.
- Paper II “The Angiogenic Potential of pH Neutral Borophosphate Bioactive 
Glasses” demonstrated that BPBG had distinct effects on ECs from different 
sources in vitro and was angiogenic both in vitro and in vivo. This achieved 
goals 1-4 and 6 listed above.
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PAPER
I. ADIPOSE STEM CELL RESPONSE TO BOROPHOSPHATE BIOACTIVE
GLASS
Nada Abokefa1, Bradley Bromet1, Makenna Pickett1, Brianna Bentley1, Emma Nicks1, 
Rebekah Blatt2, Richard Brow2 and Julie Semon1.
1 Deparment of Biological Sciences, Missouri University of Science and Technology,
Rolla, MO 65409
2 Department of Materials Engineering, Missouri University of Science and Technology,
Rolla, MO 65409
ABSTRACT
It has been reported previously that silicate and borate bioactive glasses create 
alkaline solutions by significantly increasing the pH due to the rapid release of the ions 
when degrade. This alkaline solution affected the cell viability at certain levels. 
Consequently, adding phosphate ions to the glass composition proved to control the 
degradation rate of bioactive glasses and create a neutral pH environment. Accordingly, 
in this study, we evaluated the effect of a series of novel borophosphate bioactive glass 
(BPBGs) compositions in vitro. BPBGs compositions varied based on the borate-to- 
phosphate ratios. A borate-free, borate-rich and intermediate borate-phosphate glasses 
were used in this study. Adipose stem cells (ASCs) were used for their known therapeutic 
uses in various biomedical applications. BPBGs were investigated for their effect on the 
solution pH, ions released when degraded, ASCs viability, migration, angiogenesis, 
differentiation, and protein secretions. The intermediate borate-to-phosphate BPBGs
7
created a physiologically neutral pH in direct contact and in complete culture media 
after 24 hours. The slightly alkaline borate-free BPBG with the concentration 2.5 mg/ml 
maintained the highest cell viability in direct contact for 72 hours and promoted the ASCs 
migration in a 5-hour transwell migration assay. On the other hand, the highly alkaline 
borate-rich BPBGs showed to be more angiogenic than any of the compositions tested by 
increasing the secretions of VEGF, TGF pi and bFGF. Additionally, BPBGs altered the 
ASCs secretome which were presented in a detailed cytokine array comparison.
1. INTRODUCTION
Bioactive glasses (BGs) are a class of oxide-based ceramics first invented by 
Larry Hench in the late 1960s 1. BGs have gained increased interest due to their 
bioactivity, biocompatibility, ability to bond to hard and soft tissues, and potential to 
stimulate tissue regeneration 2-5. They have a versatile nature to be manufactured into 
different shapes and sizes such as powders, fibers and scaffolds 6,7 Consequently, several 
BG families have emerged with different compositions, one of which is borate BGs 
(BBGs). When compared to the traditional silicate BG, BBGs showed lower chemical 
durability which increased their degradation rate 810, enhanced cell proliferation and 
differentiation in vitro 11 as well as tissue infiltration in vivo 12. Remarkably, BBGs have 
shown to help in healing chronic wounds and stimulating angiogenesis and 
vascularization 1316. However, BBGs quickly release borate ions creating a basic pH 
environment 17,18. This increase in pH has been shown to be toxic to cells under static 
conditions in vitro 15,19. A recent study conducted by Hohenbild et al. demonstrated that
preconditioning the BGs with cell culture medium will prevent the cytotoxic effects of 
the BG 20. However, preconditioning is still unclear in terms of how different pretreating 
periods can affect the cell viability and characteristics. Hence, prolonged preconditioning 
times are not ideal in the clinical or in laboratory settings. Another way to control the 
local pH of BBG is to add phosphate to the glass composition 7,17,2f  A previous study 
showed that increasing the phosphate content in the BBG can balance the basic borate 
ions and reduce the local pH without the need of pretreating the glass prior to use 22.
In this respect, a series of borophosphate bioactive glasses (BPBG) were 
investigated in this study. To evaluate the therapeutic potential of the proposed BPBGs, 
we tested their effects on adipose stem cells (ASCs). ASCs are therapeutic cells with 
increased clinical interests due to their ease of attainability, differentiation capacity, 
immunomodulatory effects and angiogenic abilities. Currently, it is believed that the 
therapeutic effect of ASCs largely results from their secretome, proteins secreted into the 
extracellular space 23-28. Therefore, we also evaluated these novel BPBGs on the 
secretome of ASCs.
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2. MATERIALS AND METHODS
2.1. GLASS PREPARATION
Glasses of the compositional space 16Na2O-24CaO-XB2O3-(60-X)P2O5 (mol %) 
system are listed in Table 1. Batch materials were calcined at 300°C for at least 4 hours, 
and then melted in platinum crucibles from 1000-1150°C, depending on composition.
Melts were quenched in graphite molds after one hour and were stirred on the half hour
9
during melting with a platinum stir rod. Samples were annealed at 350°C for one hour 
then allowed to cool to room temperature. Glasses were confirmed to be fully amorphous 
by x-ray diffraction (XRD), using a PANalytical X ’Pert Multipurpose diffractometer 
utilizing a Cu K -a source and a PIXcel Detector. Glasses were broken into 75-150 um 
particles and stored in a vacuum desiccator until use.
Table 1. Compositions of the BP-BGs used in this study presented in mol percent (wt%).
Glass Designation Na2O CaO B2 O3 P2 O5
X0 16 24 - 60
X40 16 24 40 20
X60 16 24 60 -
2.2. CELL CULTURE
2.2.1. Adipose Stem Cells. ASCs were prepared by thawing frozen vials of 
approximately 1x106 cells (Obatala Sciences, LLC, New Orleans, LA) into 150 cm2 
culture plates (Nunc, Rochester, NY) in 20 ml complete culture media (CCM) consisting 
of alpha minimum essential media (a-MEM; Sigma; St. Louis, MO), 10% fetal bovine 
serum (FBS; VWR, Dixon, CA), 1% 100x L-glutamine (Sigma), and 1% 100x 
antibiotic/antimycotic (Sigma). After 24 hours incubation at 37°C humidified 5% CO2 
incubator, media was removed and the adherent, viable cells were washed twice with 
phosphate buffer solution (PBS; Sigma) and harvested using 0.25% trypsin/1 mM 
Ethylenediaminetetraacetic acid (EDTA; Sigma). ASCs then were plated at 
100 cells/cm2 in CCM. The media was changed every 3-4  days and sub-confluent cells
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(<70% confluent) from three separate donors between passages 2-6 were used for all 
experiments.
2.2.2. Dermal Microvascular Endothelial Cells. Human dermal microvascular 
endothelial cells (HMVECs-d, pooled donors) were obtained from Lonza (Walkersville, 
MA). HMVECs were grown under normal conditions in Endothelial Cell Basal Medium- 
2 (Lonza). Media was changed every 3-4 days.
2.3. GLASS CHARACTERIZATION
ASCs were cultured at 37°C humidified 5% CO2 incubator until 100% confluent. 
Approximately 2.5 mg/ml of X0, X40 and X60 glass were dissolved in CCM and added 
to the cells and incubated under normal static conditions for 5 hours or 24 hours. Media 
was collected and the pH and ions released from each glass composition were measured. 
The pH was measured using a pH meter (Sper Scientific, Scottsdale, AZ) at 3 time points 
(0 time, 5 hours and 24 hours) and was done in triplicates. The ions release rates were 
measured using Inductively Coupled Plasma -  Optical Emission Spectroscopy (ICP- 
OES) on an Avio 200 Spectrometer (PerkinElmer; Waltham, MA, USA). Media were 
obtained at 5 hours or 24 hours were diluted using 1% HNO3 to obtain solutions with ion 
concentrations in the 1-20 ppm range. CCM with no glass was used as a control. Samples 
were run in triplicate and averages are reported.
2.4. CELL VIABILITY
ASCs were plated in 8-chambered slides (LabTek; ThermoFisher; Rochester, NY) 
and grown till 70% confluence under normal static conditions. Approximately 2.5 mg/mL
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of X0, X40 or X60 glass dissolved in CCM was added to the cells for 24 or 72 hours. 
After incubation at 37°C humidified 5% CO2, chambers were gently washed 3-4 times in 
pre-warmed PBS and stained with live/dead stain (Fisher Scientific, Pittsburg, PA). 
Micrographs were taken with 10x objective on a Nikon A1R-HD/Ti2 E inverted confocal 
microscope (Melville, NY) and quantified by Fiji software (Madison, Wisconsin).
2.5. DIFFERENTIATION
ASCs were cultured in 6 well culture plates at 37°C humidified 5% CO2 incubator 
until 100% confluent in CCM. A solution of 2.5 mg/ml X0, X40 or X60 glass dissolved 
in CCM was added to the wells and incubated for 24 hours under static conditions. Media 
was aspirated, wells were gently washed twice with PBS, and differentiation media was 
added. Adipogenic induction media (Lonza; Walkersville, MD) consisted of 1 mM 
Dexamethasone, 0.5 mM methyl-isobutylxanthine, 10 mg/mL insulin, 100 mM 
indomethacin, and 10% FBS in DMEM (4.5 g/ L glucose). Osteogenic induction media 
(Lonza) consisted of 50 mM ascorbate-2-phosphate, 10 mM b-glycerolphosphate, and 
1028M dexamethasone. Media was changed every 3-4 days for 14 days. Cells were 
washed gently with PBS and fixed in 10% formalin for 1 hour at room temperature. Cells 
were stained with 0.5% Oil Red O to visualize fat droplets or with 40 mM Alizarin Red 
(pH 4.1) to measure calcium deposition. Differentiation was imaged with an inverted 




Cell migration assays were performed in a 96-well transwell with 8pm pore 
membrane inserts (BD Biosciences, Bedford, MA). To evaluate if ASCs were attracted to 
BPBG, 5.0 x 104 ASCs were suspended in serum-free (SF) media and were added to the 
top of the transwell inserts. Approximately 2.5 mg/ml X0, X40 or X60 glass were 
suspended in CCM and were added to the bottom of the transwells. After 5 hours of 
incubation at 37°C, 5% CO2, the transwell insert was removed and gently placed into 
trypsin/EDTA (Figure 1A). Cells that had migrated to the bottom of the insert were 
stained with CyQuant and quantified using a fluorescent microplate reader (Fluostar 
Omega; BMG Labtech, Cary, NC). Each experiment was performed in triplicate with a 
minimum of three separate ASC donors.
In order to evaluate if BPBG could increase the angiogenic ability of ASCs, ASCs 
were treated with 2.5 mg/ml of X0, X40, or X60 glass in CCM for 24 hours. Media was 
then collected, filtered to remove any remaining glass, and placed in the lower chamber 
of a transwell. Around 2x104 HMVEC-d were added to the top of the inserts and 
incubated for 5 hours. HMVEC-d that migrated to the bottom of the inserts were stained 
with CyQuant and read on a plate reader (Figure 1B). Each experiment was performed in 
triplicate.
2.7. CYTOKINE ARRAY
Subconfluent ASCs were incubated with 2.5 mg/ml of X0, X40, X60, or CCM. 
After 24 hours of incubation, 200 pl of conditioned media was collected, filtered to 
remove any remanning glass, and analyzed using the Human Cytokine Quantibody Array
13
4000 which utilizes a multiplex enzyme-linked immunosorbent assay (ELISA) 
(RayBiotech, Norcross, GA) following the manufacturer’s instructions. This array 
detected and processed 200 human cytokines. The assessments of the 200 proteins were 
done by the RayBiotech® Analysis Tool and was used for protein classification. This 
data was used to examine the differences in the secretion profiles among all the groups 
tested and the control. Cytokine concentrations data was sorted on Microsoft Excel 
spreadsheets based on the concentration hierarchy. Proteins that were significant from the 
control (p<0.5) was further evaluated and any proteins that had a negligible expression or 
unsignificant among all groups were excluded from the comparison. A log base 2 of the 
ratio of the significant protein concentrations datasets compared to the control was 
calculated and used in designing the hierarchal clustered heatmaps. These experiments 
were performed in duplicates on pooled conditioned media from 3 ASC donors.
2.8. STATISTICS
All values are presented as means±standard deviation (SD). The statistical 
differences among two or more groups were determined by ANOVA, followed by post- 
hoc Tukey versus the control groups.
14
(A) ASCs migration (B) ECs migration
suspension in
Bottom Chamber: BP-BGs
Transwell removed and placed 
into new wells
T rypstnEDTA
Fluorescence used to quantify the number
Top Chamber: ASCs
suspended m C C M
.:v.v,ir. : hours
Cells migrated stamed w ith CyQuant
of cells migrated to the bottom
the media and add to
-  Top Chamber ECs 
suspension in SF media
media treated with glass
Incubate for 5 hours
placed into new wells
Cells migrated stained w ith CyQuant
Fluorescence used to quantify the number
A SC s+BP-
BGsmCCM





of cells disrated to the bottom
Figure 1. Schematic of the experimental setup for migration assays. (A) ASCs suspended in 
serum-free media were added to the top of 8mm transwell inserts. Glass solutions at 2.5 
mg/ml were added to the bottom of the transwells. After 5 hours, cells that had migrated to 
the bottom were measured by CyQuant. (B) ASCs were grown under standard conditions 
until 70% confluent. Glass was added to ASCs at 2.5 mg/ml for 24 hours. The glass-treated 
conditioned media was then added to the bottom of a transwell. ECs were added to the top 
of 8mm transwell inserts and incubated for 5 hours. ECs that migrated to the bottom of the




Borophosphate glasses have shown to dissolve congruently which impacted the 
pH of the solution. Table 2 demonstrates the pH measurements and the Ions released into 
the solution at different time points. The phosphate rich X0 glass created a 
physiologically neutral pH of 7.36 at 5 hours and increased to pH 7.5 creating a slightly 
alkaline environment after 24 hours. On the other hand, borate rich X60 glass increased 
the alkalinity to pH 7.78 while the intermediate boron to phosphate X40 glass retained a 
physiologically pH neutral environment when tested in CCM after 24 hours. Alongside 
the pH changes, the ions released from each glass composition vary dependently on the 
boron to phosphate ratios of the glass. At 5 hours, X0 glass showed the lowest release of 
all ions tested (Ca, and P) while X60 showed the highest among all of those. It is 
interesting to note that at 24 hours, X0 glass released more ions (Ca, B and P) than X40, 
which shows the faster degradation of X0 than X40 glass. Furthermore, X40 showed a 
higher rate of B release while slow-release rate of Ca and P ions between the 5 hours and 
24 hours time points. It was observed that the slow release of Ca and P in the X40 glass 
might be due to the formation of a brushite reaction layer as more glass dissolved, leaving 
behind a fully reacted particle and a solid precipitate.
3.2. HIGH CONCENTRATION OF BPBGS REDUCED ASCS VIABILITY AT 72 
HOURS
According to ISO norm, a decrease in cell viability by 30% indicates a 
biomaterial is toxic and not biocompatible 29. To evaluate the cytotoxicity effect of
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BPBGs on ASCs, a low and high concentrations (2.5 and 10 mg/ml, respectively) of 
three glass compositions were directly added to ASCs under normal static conditions 
(Figure 2). At 24 hours, both the low and high concentration of X0 showed the lowest 
viability of any of the glass compositions. However, all glass compositions and 
concentrations were considered viable cultures, per ISO norm. By 72 hours, ASCs treated 
with a low concentration of X0 maintained its viability while all other glass compositions 
and concentrations decreased. Additionally, the high concentration of X0 produced a 
toxic environment to ASCs at 72 hours.
Table 2. Measurements of pH and ions released into cell culture for each BPBG 
composition. Data presented as Mean±SD. ND represents non-determined values.
Ions Released (ppm)
Sample Time pH P B Ca
CCM
5 hours 7.4 34.80 ± 1.45 ND 65.82 ± 2.68
24 hours 7.84 36.65 ± 0.88 ND 68.41 ± 1.07
X0
5 hours 7.36 72.04 ± 0.47 ND 68.84 ± 2.67
24 hours 7.57 197.03 ± 5.91 ND 101.28 ± 1.64
X40
5 hours 7.33 121.06 ± 3.61 126.10 ± 1.46 82.36 ± 1.37
24 hours 7.47 176.01 ± 4.24 217.40 ± 1.06 73.26 ± 1.11
X60
5 hours 7.78 23.27 ± 0.30 249.43 ± 8.00 173.16 ± 3.79




Figure 2. A high concentration of BPBGs reduced ASCs viability at 72 hours under 
static conditions. Subconfluent ASCs were treated with low or high concentrations of 
BPBG. (A) Live/dead stain showed ASC viability at 24 and 72 hours. Scale = 500 gm. 
(B) Viability was quantified with three donors examined in triplicate. Error bars indicate
SD (n=9); *p < 0.01, and ** p<0.5
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3.3. BPBGS AFFECTS THE ASCS DIFFERENTIATION
ASCs were tested for their differentiation ability with a low concentration of 
BPBG (Figure 3). Interestingly, Oil Red O staining reveled that basic X60 glass inhibited 
the adipogenic differentiation of ASCs. On the other hand, X0 glass inhibited the 
osteogenic differentiation of ASCs. Furthermore, the pH neutral X40 glass did not change 
the differentiation ability of the ASCs.
Figure 3. BPBGs influence ASC differentiation. ASCs were induced to differentiate in 
the absence or presence of BPBG. Representative micrographs of 3 ASC donors are 
shown. X0 inhibited osteogenic differentiation while X60 inhibited adipogenic
differentiation.
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3.4. pH-NEUTRAL BPBGS ATTRACT ASCS WHILE ASCS TREATED WITH 
BASIC BPBGS ATTRACT ECS
ASCs have an inherent ability to migrate into sites of injuries to help in healing 
and maintaining hemostasis 30. Furthermore, they also release angiogenic factors that 
stimulate the vascularization and formation of new blood vessels 26. Hereby, to test 
whether the different compositions of BPBGs affected the migration of ASCs, a 5-hour 
transwell migration assay was used (Figure 1A). X0, which has a neutral pH, increased 
ASC migration, while X60 with a basic pH had no statistical effect (Figure 4A). As ASCs 
are not alone in vivo, we wanted to determine if priming ASCs with BPBG affected their 
ability to attract ECs, a step required for angiogenesis. Sub-confluent ASCs were treated 
with BPBG for 24 hours. The resulting conditioned media was used as an attractant for 
EC migration (Figure 1B). Interestingly, only X60 significantly increased the ASCs’ 
ability to attract ECs (Figure 4B).
3.5. BPBG ALTERS ASC SECRETOME
To determine if X0, X40 and X60 glasses influenced the ASCs secretory profile, a 
quantitative sandwich-based ELISA array was performed. Markers tested included 200 
cytokines, growth factors, proteases, soluble receptors, and other proteins. After 
conditioning ASCs with a low concentration of BPBG for 24 hours, the conditioned 
media was examined for 200 secreted proteins. O f those, 183 proteins were detectable in 
sufficient expression levels, with only 154 differentially expressed proteins in BPBG 
treatment groups (P<0.5). The BPBG conditioned media from 3 separate ASC donors 
were compared to those same donors grown under normal conditions, using the 
RayBiotech® analysis tool and heatmap clustering. There were 55 proteins that were
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differentially secreted, regardless of the glass treatment: 5 proteins that were not 
secreted in ASCs grown under standard conditions but were secreted in all three BPBG 
treatments (Figure 5A), an additional 26 proteins increased their expression with all three 
glass treatments (Figure 5C), 20 proteins decreased with all three glass treatments (Figure 





CCM X0 5C4-D XS0
Figure 4. BPBGs affect cell migration. (A) Migration was examined by a transwell assay. 
ASCs were loaded onto the top inserts, while 2.5 mg/ml of glass solutions were added to 
the bottom. After 5 hours incubation, migrated cells were measured by CyQuant. X0 
increased ASC migration. (B) ASCs were treated with glass for 24 hours under standard 
conditions. The resulting conditioned media was put in the bottom of a transwell with ECs 
added to the top. After 5 hours of incubation, migrated cells were measured by CyQuant. 














Figure 5. Effect of BPBGs on the ASCs secretory profile. Subconfluent ASCs were 
treated with 2.5 mg/ml of BPBG for 24 hours. Media was then collected and 
analyzed for secreted proteins. ASC protein secretion was promoted (A), inhibited 
(B), increased (C), or decreased (D) with glass treatment. All three glass 
compositions increased the secretion of 26 proteins (C) while promoting the 
secretion of 5 additional proteins that ASCs did not secrete under normal 
conditions (A). All three BPBGs decreased the section of 20 proteins (D) while the 




Figure 5. Effect of BPBGs on the ASCs secretory profile. Subconfluent ASCs were 
treated with 2.5 mg/ml of BPBG for 24 hours. Media was then collected and 
analyzed for secreted proteins. ASC protein secretion was promoted (A), inhibited 
(B), increased (C), or decreased (D) with glass treatment. All three glass 
compositions increased the secretion of 26 proteins (C) while promoting the 
secretion of 5 additional proteins that ASCs did not secrete under normal 
conditions (A). All three BPBGs decreased the section of 20 proteins (D) while the 
secretion of 4 additional proteins was completely inhibited (B). (Cont.)
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There were 22 proteins that coincided with the boron concentration in our glass 
compositions: 2 decreased while 20 increased (Figure 6, Table 2). Figure 7 shows the 
differential secretion pattern unique for each glass composition represented in a 
hierarchal clustering heatmaps.
Change of expression Tvirh [B]
X6D >X4D >XD
(2D proteins)
ENA-73. A c t™  A, LAP 
(TGFplX PAI-1. IL-1E4. 
VEGF. TL-6. MIP-lb. 
m iP 2 : INF RL, DTK. 
Contactin-2. IL-1R1.. IL- 
17R. L-Selecmi MICE, 
PDGF Rb, RAGE, TRAIL 
R3 and Frappin-2.
XO >X40 >XtfO 
(2 proteins) 
1-309, CD40L
Figure 6. Boron concentration influenced ASC secretome. There were 20 proteins that 
increased and 2 that decreased with increasing boron in BPBG compositions. The raw
data can be found in Table 2.
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Table 3. Proteins secretion levels demonstrated in Fig 6, presented in pg/ml and 
Mean±SD. Blue color represents the highest expression.
C C M X 0 X 4 0 X 6 0
E N A -7 8 5 .72  =  0.53 16.91 = 0 .9 4 3 4 .7 2  =  15.34 66.43 =  1 9 2 5
A c t iv in  A 250 .65  =  3.4-3 4 1 .3 4  = 4 .6 6 112.34  = 4 0 .9 4 725.41  ±  56.71
L A P  ( I G F p l ) 12 .54  ±  1.69 21 .11  =  1.75 2 7 3 2  =  2 .5 2 39 .70  ±  1.17
I N F  H I 201 .07  ±  5.25 155.55  =  14.50 IS 5.65 =  14.05 259 .75  ± 0 .5 1
T R A IL  R 3 2 2 .9 0  ±  7.57 19.34 =  1.15 22 .52  =  2 .5 6 35 .79  ±  0.92
IL -1  R 4 65.35 =  53 .92 2 .01  = 2 .5 4 5 .30  =  11.74 155.44  =  4 1 .0 2
Y E G F 92.27  = 2 .5 1 9 4 .5 0  =  1.15 117.60  =  14.54 294 .71  =  7 .60
IL -6 2 701 .45  ± 2 6 A 0 3113.11 = 4 1 .6 4 1S65.B7 ± 2 5 4 .1 7 4 109 .95  ±  226 .75
M E P -ll) 65 .36  =  13.41 70 .92  =  4 .65 92 .55  =  2 .55 96 .42  =  2 .91
TEM P-2 12795.45 =  1190.17 6 4 7 3 .4 9  = 1 0 2 6 .0 9 7645.45  =  155.76 5 451 .24  ±  4 0 0 .9 2
P A I-1 4 4 6 6 .2 3  =  2 55 .95 1 351 .66  = 4 7 2 .5 7 1 405 .96  = 4 5 1 .5 1 1576.75  ± 2 6 1 .2 3
D t k 4 5 .7 9  =  10.57 2 9 .9 2  =  4 0 3 9 17 .39  ±  6.9.1 43.B4 =  12.14
C o n ta c  tin -2 54 .06  =  25 .45 3 4 .7 9  =  23 .03 3 9 .9 9  =  15.39 4 1 .1 4  =  11.09
IL -1  R I 9 2 9  =  0.55 1.51 =  0.13 2 .3 6  = 0 .2 9 5.00  =  1.02
I L -1 7 R 32.17 =  0.49 14.40 =  IS.02 17.93 =  1.26 30 .14  =  5.65
L -S  e le c  tin 149.13 =  55 .12 4 .45  = 6 .5 5 10.55 =  12.99 144.15  ± 2 3 .1 5
M IC B 3 5 6 2 5  =  61 .56 241  2 9  =  140  60 3 2 2 .1 4  =  52.21 119.65  ± 2 4 .5 0
P D G F  R h 4 4 1 .6 2  =  174.57 0 .0 0 70.73 =  99 .55 149.57 =  193.95
R A G E 7.73 =  1.51 2 .63  = 2 2 0 3.02  = 2 .7 1 5.72  =  1.25
T rap  p in -2 1 5 2 0  ±  1.92 3 .47  = 0 .4 7 5.47  = 2 .5 5 11.75 ± 0 .5 4
C o n tr o l XO X 4 0 X 6 0
1 -3 9 9 1.77 = 0 .5 7 1.95 = 0 .0 0 0 .05  = 0 .0 7 0 .0 0










































Figure 7. Representative hierarchal heatmap clustering the proteins based on their 
function in the body. All proteins presented are significant from the control (p<0.5). 
Log2(FC) is used in which (-5 to 5) is the range and any value above 5 represented as 
dark blue while any value below -5 represented as dark red color while the white color 
represents all the proteins that are not significant. FC represents the fold change 
between the samples treated with glass in relation to the control.
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4. DISCUSSION
The dissolution rates and ions released into the solution are considered essential 
factors that determine the bioactivity of a glass 17,18,31. When compared to silicate 
bioactive glasses, BBG showed to be more reactive and degrades faster in aqueous 
solutions 9. As BBGs with high boron content degrades, they release boron ions into the 
solution creating an alkaline pH environment and thus showed high cytotoxic effects 31,32 
On the other hand, PBGs with high phosphate content, release phosphate ions into the 
solution creating acidic environment 33. There has been little reported on determining the 
glass compositions required to dissolve in a pH neutral manner. Thus, we proved in this 
study that combining borate with phosphate can counter the acidic and basic effects and 
create a neutral pH environment which showed higher levels of cell viability. Li et al, 
showed similar results when silica was replaced with phosphate 22.
Although a number of studies showed the beneficial effects of the dissolution 
products of BGs in producing high cell viability, there is still limited investigations on the 
impact of the direct contact of the BGs with the cells 19,34. Based on the limited reports, 
most studies showed reduced cell survival when cultured directly with the BG. A study 
conducted by Leu and Leach, showed low endothelial cell viability under direct contact 
with 45S5 BG 35. Additionally, Qazi et al, showed similar results in which human 
mesenchymal stem cells (hMSCs) reduced viability by 24 hours of direct contact while 
showed much higher viability in indirect contact with 45S5 and 1393 BGs 19. 
Interestingly, in this study, we employed a direct contact of the BPBGs with ASCs under 
static conditions which resulted in maintaining a cell viability over 90% for 24 hours
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without pre-treating the glass. We hypothesized this result as because of the neutral pH 
effect of the BPBGs. Another type of pH-neutral BPBGs maintained hASCs viability for 
14 days but under indirect contact 34. This results opens the doors for further investigating 
the impact of the BG direct contact with the cells and for using BPBGs for in vitro 
studies.
Adipose stem cells possess an inherent ability to migrate to sites of injuries and 
secrete various chemokines, cytokines and growth factors enabling them to mediate the 
regeneration process in the body 36-38. Hence, we evaluated the effect of the BPBGs on 
the ASCs migration. Our results showed that X0 attracted the highest number of ASCs 
than other glasses tested in a 5-hour migration assay. At 5 hours, X0 and X40 exhibited 
similar pH-neutral effects suggesting that the differences between the glass’s migration 
effect is not based on the pH. Consequently, it is worth noting that X0 released the lowest 
amounts of calcium ions when compared to X40 and X60 glass. To which we assumed 
that the low concentrations of calcium released into the solution increased the ASCs 
migration towards the X0 glass. Calcium has long been known for their effective role in 
cell migration as a crucial regulators and mediators 39-41. Our results were further proved 
by a previous study showed that the presence of an optimal range of calcium 
concentrations (3-5mM) in the solution promoted MSCs migration while the excess of 
calcium concentration disturbed the MSCs migration in vitro 42. Based on this finding, 
BPBGs can be used to attract ASCs which would be beneficiary in wound healing, 
clinical and tissue regeneration applications.
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BBG has been previously reported to be angiogenic by stimulating the in vitro 
secretion of the growth factors and proteins involved in the angiogenesis 16,43,44 In our 
study, we showed that after 24 hours, only the boron-rich X60 glass increased the ability 
of the ASCs to be more angiogenic. Hence, we expected that the fast degradation rate of 
the X60 and the high release of B and Ca ions in the solution contributed in increasing 
the EC migration and thus become more angiogenic. The angiogenic ability of the X60 
was also supported by the increased pattern of the growth factors secreted especially 
those that are involved in the vascularization process such as VEGF, ANG-1, b-NGF, 
IGFBP-3, TGFb3 and bFGF and shown in the heatmap. Furthermore, similar results was 
reported by majority of studies which showed the impact of boron on promoting 
angiogenesis and the increased expression of the angiogenic growth factors VEGF and 
TGFb3 when treated with boron containing BGs 16,44-47
Most literature on bioactive glass, including BPBG, focuses on cell viability, 
proliferation, or differentiation of ASCs 13,34,48-50 However, there is very little reported 
on the effect of BG on ASCs secretome. ASCs have a broad secretory profile of different 
growth factors, cytokines, and other proteins. Those secretions contribute essentially in 
almost all body functions and impact the body’s response to injuries, healing and tissue 
regeneration. These secreted proteins all work in a harmony in the body to maintain its 
hemostasis 25,27. Hence, it is essential to investigate the effect of any new biomaterial on 
the ASCs secretome to provide better understanding of the consequences of the 
biomaterial in the body. In this study, we showed for the first time that BPBGs can alters
the ASCs secretome.
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The secretory profile of the ASCs from this study revealed an interesting results 
that nevertheless the glass compositions, they all promoted the expression of (6-Ckine, 
EpCAM, FasL, TRAIL R4, and IL-4). Upon that, there were some discrepancies on the 
literature of whether the stem cells normally secrete those proteins. Multiple reports 
showed that the IL-4 is secreted normally by the stem cells 24,26,51. In addition, it was 
supported from an earlier study conducted by Mazar et al. on the most studied ASC’s 
counterpart, bone marrow mesenchymal stem cells (BMSCs) that showed a strong 
expression detection of FasL 52. However, another study showed the opposite 53. These 
discrepancies are most likely due to using different types of cells (ASCs, MSCs,
BMSCs), along with the number of passages used (we used passages from 3-5, others 
used from passage 1 and 2). Furthermore, our results showed that BPBGs-treated ASCs 
can influence the immunomodulatory, inflammation, proliferation, migration properties 
of the cells. A specific patterns were observed in the heatmap presented in Figure 7, in 
which the boron-rich X0 glass seems to be more pro-inflammatory and angiogenic than 
the X0 and X40 glasses. Previous reports covering BBG mainly focused on their effect 
on the angiogenesis, however, the influence of boron on inflammatory responses of the 
cells has not gained enough attention. A recent study conducted by Zheng et al. suggested 
that the incorporation of boron in BGs can modulate the inflammatory response of the 
cells 54. On the other hand, ASCs treated with X40 glass demonstrated an anti­
proliferation and anti-migration secretion patterns which could be explained by its slow 
degradation rates of the Ca and P ions, an important ions contribute in cell proliferation 
and migration 7,15,55 Further investigations need to be carried out on identifying the 
impact of the different BPBGs compositions on the ASCs secretions as well as their
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functions in proliferation, migration, inflammation and immune response.
Additionally, future studies need to confirm these changes in vivo or in 3D organoids.
As a conclusion, for better understanding the biomaterials, it is important to look 
at other cell processes than viability and proliferation. Secretome and extravessicles are 
important topics in regenerative medicine that needs to be further investigated. We have 
shown in this study, that different compositions of BPBGs can alter the ASCs secretions 
differently. Thus, it makes it possible to tailor the BGs to stimulate specific ASCs 
secretions and result in customizable therapies.
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ABSTRACT
Boron containing bioactive glasses have gained enormous attention over the years 
because of their angiogenic effects. Although, borate bioactive glasses release alkaline 
ions when degrade which altered the pH of the solution creating a toxic environment for 
the cells at some levels. Addition of phosphate ions to the glass composition have shown 
to counter the alkaline effect of the basic borate ions. Hence, in this study, we evaluated 
the effect of a series of novel borophosphate bioactive glasses (BPBGs) with different 
borate-to-phosphate ratios as well as doping the glass with therapeutic ions such as Cu 
and Co. The biological effect of this series of BPBGs was evaluated for their cytotoxicity 
and angiogenic effects on different types of endothelial cells in both in vitro and in vivo.
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1. INTRODUCTION
The first bioactive glasses (BGs), glasses that react in the body to stimulate 
desired physiological responses, were developed 50 years ago by Hench1. These glasses,
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including 45S5, were based on silicate chemistries. Since then, BGs have been 
developed from many different glass composition families, including those based on 
borate and phosphate chemistries1,2. Glass compositions can be modified to control the 
release of ions and to modify the surrounding pH3-6. Borate BGs have been of particular 
interest in applications for vascularized tissues because it has been shown that borate ions 
stimulate the secretion of pro-angiogenic growth factors7-15. Consequently, borate BGs 
are a promising therapy to repair tissues that require a high degree of vascularization. 
However, when borate BGs react in aqueous environments, the local pH of the solution, 
or the region near the glass surface, quickly increases due to the release of alkaline ions. 
The development of locally alkaline conditions promotes the formation of 
hydroxyapatite, a desired outcome for many biomedical applications. However, there are 
other situations where having locally neutral or acidic conditions around a bioactive glass 
would be beneficial, including the ability to study in vitro the effects that BGs have on 
cells. Because they create local alkaline conditions when first exposed to aqueous 
solutions, BGs are often pre-reacted before exposure to cell cultures13,16,17, a step that 
complicates potential clinical applications of the glass.
A silicate BG modified with significant concentrations of phosphate was reported 
to create locally neutral pH conditions that increased viability of a pre-osteoblastic cell 
line, compared to the more conventional phosphate-free silicate BG that created locally 
alkaline conditions6. Phosphoric acid released by the dissolution of the glass neutralized 
the alkaline ions. We have shown that adding phosphate to borate glasses can also 
control the local pH conditions around BGs, from alkaline to acidic, depending on the
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borate-to-phosphate ratio39. In the present study, we show how those local conditions 
affect the function of endothelial cells in vitro and in vivo.
2. MATERIALS AND METHODS
2.1. GLASS PREPARATION
Glasses with the nominal molar composition 16Na2O-24CaO-xB2O3-(60-X) 
P2O5 system were produced, where X = 0, 10, 20, 30, 40, 50, and 60, and several were 
doped with different concentrations of CuO and CoO, as indicated in Table 1. The borate 
bioactive glass 1393-B3 (B3)7, with the nominal composition 6Na2O, 12K2O, 5MgO, 20 
CaO, 4P2O5, 53B2O2, wt%, was also produced. Reagent grade batch materials were 
calcined at 300°C for at least 4 hours, and then melted at 1000-1150°C, depending on 
composition, for an hour in platinum crucibles. Melts were stirred on the half hour with a 
platinum rod, then quenched in graphite molds. Samples were annealed at 350°C for one 
hour then allowed to cool to room temperature and stored in a vacuum desiccator until 
use. Glasses were analyzed by x-ray diffraction, using a PANalytical X ’Pert 
Multipurpose diffractometer with a Cu K-a source and a PIXcel Detector, and all 
compositions except the X50 composition were found to be amorphous. The X50 sample 
was not used in any subsequent testing.
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2.2. DISSOLUTION STUDIES
Approximately 150 mg of glass particles (75-150 microns) were immersed in 50 
ml of either deionized water or simulated body fluid18 in a shaker bath at 37°C. Samples 
were removed periodically, dried and weighed, and solution pH was measured.
Table 1. Nominal compositions in mole percent (mol%) of the borophosphate glasses
used in this study.
Glass
designation
Na2O CaO B 2O3 P2O5 CuO CoO
X0 16 24 - 60 - -
X10 16 24 10 50 - -
X20 16 24 20 40 - -
X20Co 16 20 20 40 - 4
X20Cu 16 20 20 40 4 -
X20CuCo 16 20 20 40 2 2
X30 16 24 30 30 - -
X40 16 24 40 20 - -
X40Co 16 20 40 20 - 4
X40Cu 16 20 40 20 4 -
X40CuCo 16 20 40 20 2 2
X60 16 24 60 - - -
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2.3. CELL CULTURE
Human umbilical vein endothelial cells (HUVECs, pooled donors) and adult 
dermal blood microvascular endothelial cells (HMVEC-d) were obtained from Lonza 
(Walkersville, MA). HUVECs were growing in Endothelial Cell Basal Medium-2 and 
HMVEC-d were grown in Endothelial Cell Basal Medium-2MV.
2.4. CELL PROLIFERATION
HUVECs were plated at 5500 cells / cm2 in a 96-well plate and incubated at 37°C, 
5% CO2 overnight. Media was removed and glass was added at 2.5 or 10 mg/ml in 
endothelial medium (EM) under static conditions for 24 hours. For glass dissolution 
product (DP), 2.5 or 10 mg/ml of glass was added to EM and incubated at 37°C while 
rocking for 24 hours. The medium was then filtered to remove any residual glass and 
medium was added to HUVECs and incubated under static conditions for 24 hours. Wells 
were gently washed 3-5 times in pre-warmed PBS, and DNA was quantified with 
CyQuant (ThermoFisher), according to manufacturer’s instructions. DNA was quantified 
using a fluorescent microplate reader (Fluostar optima; BMG Labtech Inc.; Durham,
NC). Each experiment was performed in triplicate with a minimum of three separate ASC 
d onors.
2.5. CELL MIGRATION
To evaluate the ability of the glass to attract ECs, migration assays were 
performed in 96-well transwells with 8pm pore membrane inserts (Millipore Sigma). 
Glass was suspended in EM at 2.5 or 10 mg/ml and 100 pl of that solution was added to
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the bottom of the transwell. For glass DP, 2.5 or 10 mg/ml of glass was added to EM 
and incubated at 37°C while rocking for 5 hours. The solution was then filtered to 
remove any glass particulates, and 100 pl of that solution was added to the bottom of the 
transwell. On the top of the membrane insert, ~ 2x104 ECs were loaded into each well 
insert in triplicate. After incubating 5 hours in a 37°C with 5% humidified CO2, the insert 
was rinsed with PBS, and the cells that had migrated to the bottom of the insert were 
enzymatically removed and quantified for DNA using CyQuant and a fluorescent 
microplate reader. Each experiment was performed in triplicate with a minimum of three 
separate ASC donors.
2.6. CHICK CHORIOALLANTOIC MEMBRANE (CAM)
White Leghorn chicken Spf fertile eggs (Charles River, East Roanoke, IL) were 
acclimated to room temperature for 4-6 hrs after delivery and then incubated at 37.5°C 
with constant humidity for 3 days. Eggs were cracked by gently breaking against a 
sterilized hex wrench and transferred into an 88 x 88 x 23 mm weigh boat. A piece of 
eggshell was added to the embryo to ensure normal chick development. Weigh boats with 
chick embryos were placed into an individual humidity chambers, which were prepared 
by placing Kim wipes (Kimberly-Clark Worldwide, Inc., Roswell, GA) and 100mL of 
Milli-Q® (Millipore Sigma, Burlington, MA) purified water inside of a 6.5 x 6.5 x 4” 
polypropylene container. The humidity chambers with chick embryos were placed in 
incubators at 37.5°C and allowed to develop 7 additional days.
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2.7. BIOACTIVE GLASS ADMINISTRATION AND QUANTIFICATION
Bioactive glass was added to chick CAMs at 10 days total incubation. A sterilized 
10-mm diameter poly-band ring was placed in an area on the chick embryo with no major 
vessels. Approximately 2.5 mg of -20 gm glass was suspended in 20 gL PBS and 
immediately added to the poly-band rings. Either 2 or 3 samples were placed on each 
egg. An overall image at 1x and a magnified image at 2x for each sample was captured 
on days 1 and 5 after the administration of glass using a Leica Stereo Zoom® S8 AP0 
and Leica software (Leica Microsystems Inc, Buffalo Grove, IL).
Quantification of CAM images were performed using Wimasis (Cordoba, Spain). 
Images were digitally dived into sections to quantify observed pathologies, with scoring 
criteria adapted from Raga et al 19,20. Vessels that appeared white due to a lack of blood 
flow were classified as “ghost” vessels. I f  ghost vessels were seen in at least V of the 
sections (> 50% of the surface area of the image), they were classified as progressive19,20. 
They were considered preliminary if identified on less than half of the sections. An 
accumulation of blood at the microcapillary level resulting in petechial hemorrhaging and 
blood droplets was classified as hyperemia. Hyperemia was classified as minimal if 
identified in less than 'A of the sections, moderate in A to A of the sections, and severe if 
greater than A of sections.
2.8. STATISTICS
Analysis was performed using Minitab® Statistical Software (State College, 
Pennsylvania, USA). The statistical differences among two or more groups were
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determined by ANOVA, followed by post-hoc Tukey’s honest significant difference 
for CAM assays and T-test for in vitro tests versus the respective control group.
3. RESULTS
3.1. GLASS PROPERTIES
Table 2 summarizes changes in the pH and the weight losses from glass particles 
immersed for 48 hrs at 37°C in either water or simulated body fluid (SBF). For samples 
immersed in water, there is a clear trend in solution pH, with the phosphate-rich glasses 
producing acidic solutions and the borate-rich glasses, including B3, producing more 
basic solutions. The shifts in the pH of buffered SBF are smaller after 48 hrs of reaction, 
although both X60 and B3 glasses produce more alkaline solutions. It is worth noting that 
the addition of up to 30 mol% B 2O3 (X30) to the borate-free Na-Ca-phosphate glass (X0) 
reduces the dissolution rate in SBF, with a minimum in the dissolution rate for the X20 
glass. The borate-rich glasses (X40, X60, and B3) dissolve much more rapidly, and the 
X60 glass is almost completely dissolved after 48 hours. The slower dissolution kinetics 
of the X10, X20, and X30 glasses help explain why these glasses had less effect on SBF 
pH, whereas the fast reacting, but pH neutral, X40 glass did not shift SBF pH the way the 
basic X60 and B3 glasses did. A discussion of the dissolution behaviors of these glasses
can be found elsewhere39.
Table 2. Change in pH and percent weight loss of glass particles (3mg/ml) after 
soaking in 37°C water or simulated body fluid (SBF, original pH=7.5).
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Glass Water pH (48 
hrs)
SBF pH (48 hrs) Weight Loss 
(SBF, 48 hrs)
X0 2.4 7.1 8%
X10 3.0 7.4 1.3%
X20 3.9 7.5 <1%
X30 6.3 7.4 3%
X40 7.1 7.0 55%
X60 9.6 8.2 90%
B3 ND 8.1 60%
3.2. HUVEC PROLIFERATION
Figure 1A shows the effects of 2.5 or 10 mg/ml glass on the proliferation of 
endothelial cells (ECs). At 2.5 mg/ml, the acidic and pH neutral glasses (X0, X20, and 
X40) did not affect HUVEC proliferation when compared to that measured for the 
endothelial media (EM), whereas cell proliferation was significantly lower for the two 
alkaline glasses (X60 and B3). In general, HUVEC proliferation was lower at 10 mg/ml, 
although not always significantly so. Previous studies have shown that exposing 
endothelial cells (ECs) to the bioactive glasses 45S5 and borate-substituted 45S5 had no 
influence on EC proliferation13,21.
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Figure 1. Borophosphate glasses did not increase proliferative of HUVECs. Bioactive 
glass at two different concentrations was added to HUVECs in a 96-well plate. (A) 
After 24-hours, cell numbers were measured by DNA content and compared to 
HUVECs grown under normal culture conditions in endothelial medium (EM). (B) 
The 24-hour dissolution product (DP) of 2.5 mg/ml bioactive glass was compared to 
the direct addition of glass. Mean ± SD; *p<0.05 and **p<0.01 compared to EM.
Glass particles at 2.5 mg/ml were also reacted in EM by shaking at 37°C for 24 
hours, and the resulting dissolution product (DP) was then fed to HUVECs. The DP from 
the two most reactive glasses (X40 and X60) decreased HUVEC proliferation compared 
to the direct administration of each glass (Figure 1B). There were also smaller, but
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statistically insignificant, decreases in cell proliferation associated with the DPs from 
the X0 and X20 glasses.
Two pH-neutral glasses, X20 and X40, were doped with metal cations reported to 
promote angiogenesis22-24 and the effects of these glasses on HUVEC proliferation are 
shown in Figure 2. For both base glasses, Co additions decreased HUVEC proliferation, 
whereas the addition of Cu had no statistically meaningful effect. Interestingly, the CuCo 
combination increased HUVEC proliferation, although not in a statistically meaningful 
way, compared to the respective base glasses. Figure 2 also compares the effects of glass 
DP on HUVEC proliferation to the direct contact data. As was the case for the undoped 
glasses (Figure 1B), the DPs typically reduced HUVEC proliferation compared with the 
direct contact conditions.
Figure 2. The dissolution product (DP) of doped glasses also did not increase HUVEC 
proliferation. Approximately 2.5 mg/ml of bioactive glass was degraded on a rocker at 
37°C in endothelial media for 24 hours. After filtering the media, the DP was added to 
HUVECs in a 96-well plate and compared to the direct administration of glasses. 
Mean ± SD; *p<0.05 and **p<0.01 compared to respective base composition.
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3.3. ENDOTHELIAL MIGRATION
Figure 3 summarizes the results of the endothelial migration tests for X20 and 
X40, both in direct contact and DP conditions. For both conditions, X40 was associated 
with statistically greater migration than was found for the EM baseline, whereas the X20 
results were not statistically different from the EM results. The metal doped X40 glasses 
promoted greater cell migration for both direct and DP conditions than did the X20 
glasses. As was found for the HUVEC proliferation experiments, endothelial migration 
was greater under the direct contact conditions than the DP conditions, although those 
results were statistically meaningful for only a few metal dopants.
Figure 3. Borophosphate glasses attracted HUVECs. Either the dissolution product or 
the glass itself was added to the bottom insert of a 96-well transwell. HUVECS were 
added to the top of the insert and incubated for 5 hours at 37°C. HUVECs that migrated 
to the bottom were measured by DNA content. Mean ± SD; Ap<0.05 and *p<0.01
compared to EM.
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While HUVECs are a popular source of endothelial cells, they have 
characteristics that are distinct compared to endothelial cells from other sources, 
particularly microvascular endothelial cells25-27. In addition, it has been shown that 
extracellular pH has different effects on endothelial cells acquired from different 
sources22. Because the migration of endothelial cells is critical for angiogenesis, a second 
type of endothelial cell, microvascular endothelial cell from the skin (HMVEC-d), was 
also tested in the 5-hour transwell migration assay, and those results are shown in Figure 
4 for the six base glasses and the EM controls. In general, there are no statistically 
significant differences in HMVEC-d migration for any of the glasses in the direct contact 
experiments, although the X60 glasses had the lowest levels of HMVEC-d migration. As 
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Figure 4. Borophosphate glasses stimulate HMVEC-d migration more than their 
dissolution product. Both glass and DP were added to the bottom insert of a 96-well 
transwell at two different concentrations. HMVEC-d were added to the top of the 
insert and incubated for 5 hours at 37°C. HMVEC-d that migrated to the bottom were 
measured by DNA content. Mean ± SD; Ap<0.05 and *p<0.01 compared to EM.
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3.4. IN VIVO ANGIOGENESIS
The developing chick chorioallantoic membrane (CAM) is a popular model to 
evaluate in vivo angiogenic responses to biomaterials, including bioactive glass28 31. The 
developing CAM provides a large network of arterioles, venules, and capillaries that can 
be easily visualized and imaged. We used the CAM to investigate the in vivo vascular 
effects of BP glasses. After the eggs were incubated for 10 days, 2.5 mg/ml of bioactive 
glass was suspended in PBS, added to the CAM, and were imaged with a 
stereomicroscope 1, 3, and 5 days after administration.
Figure 5A shows representative images of the CAM on Days 1 and 5 after the 
administration of different BP glasses, the alkaline glass B3, and a PBS control taken at 
two magnifications. Figure 5B summarizes Day 1 metrics used to evaluate blood vessel 
formation. In general, the acidic glasses (X0, X20) had significantly lower average vessel 
densities and total branching points than the pH neutral (X40) and the alkaline glasses 
(X60 and B3), with the latter three having similar values as the PBS control. These 
results show that X40 and X60 are more angiogenic than X0 and X20 glasses. The trend 
did not continue with segment width. However, segment widths were significantly larger 
for the X20 and X60 glasses compared to the PBS control. X20 also had increased widths 
compared to X0, X40, and B3 glasses indicating an arteriogenesis formation in addition 
to angiogenesis formation.
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Figure 5. Angiogenesis in chick CAM. Approximately 2.5 mg of -20 pm glass was 
suspended in 20 pL PBS and immediately added to 10-day old chick CAMs. Image 
were taken on days 1 and 5 after the administration of glass (A). CAMs were 
evaluated by vessel density, total branching points, and vessel width at 24 hours (B). 
Values are mean ± SD; *p< 0.05 compared to X0, Ap< 0.05 compared to X20, and #p< 
0.05 compared to PBS. Scale bar: overall image taken at 1x = 4mm, magnified image
taken at 2x= 2mm.
The acidic X0 glass had an acute effect on the CAM, generating prominent, but 
nonuniform regions of ghost vessels (Figure 6). Ghost vessels were found to be devoid of 
blood flow and appeared clear under the microscope. On Day 1 after administration,
100% of the CAMs treated with X0 displayed progressive ghost vessels (Figure 6, Table 
3). However, by Day 3 after administration, only 14% of CAMs treated with X0 samples
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had progressive ghost vessels (defined as the presence of ghost vessels on >50% of the 
surface area of the CAM), whereas 43% had preliminary (<50% of treated CAM) ghost 
vessels. Ghost vessels were further reduced by Day 5 with only 17% of CAMs treated 
with X0 having preliminary ghost vessels and none having progressive ghost vessels. It is 
unclear to us if the reduction in ghost vessels is due to the sprouting of new vessels or 
revascularization of functional ghost vessels. Ghost vessels were not detected in the 
CAMs treated with X20 and X40 base glasses but were detected in some samples treated 
with X60 (Table 3). To our knowledge, this is the first time any bioactive glass has been 
associated with the creation of ghost vessels.
Figure 6. Histological phenomena of X0 in CAM assay. Approximately 2.5 mg of -20 
pm glass was suspended in 20 pL PBS and immediately added to 10-day old chick 
CAMs. Images were taken on Days 1, 3, and 5 after the administration of glass. The 
pathologies are characterized as ghost vessels (black arrow) or hyperemia (white 
arrow). Scale bar: overall image taken at 1x (top row) = 4mm, magnified image taken
at 2x (bottom row) = 2mm.
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A similar phenomenon occurred with hyperemia, which is an increased blood 
flow at the microcapillary level. On Day 1 after administration, 100% of the CAMs 
treated with acidic X0 displayed moderate to severe hyperemia (Figure 6; Table 3). Fewer 
examples of hyperemia were noted for the X20 and X40 base composition treated CAMs, 
and somewhat more were associated with samples treated with X60 glass (Table 3). 
Numerous blood pools formed along the arteriole length and capillary terminals. Initially, 
we assumed that such increase in blood flow may have produced too much damage on 
the sprouting vessels, resulting in anoxia in the developing embryo. However, the 
survival rate of the eggs remained high throughout the study. Additionally, by Day 3,
100% of the CAMs treated with X0 had only minimal hyperemia, which then was 
reduced to 17% by Day 5. This indicates that the acidic X0 glass produces a burst of 
angio-suppression that does not compromise mortality.
Figure 7. Kaplan-Meier survival curve of doped BP glasses. The addition of dopants to 
X20 and X40 series reduced the viability of chick CAMs. The combination of dopants 
had better survivability than single doped glasses.
Table 3: Percentages of CAMS with histological phenomenon (Day 1, 3, 5). For each 
day, the percentage of eggs showing severities of ghost vessels or hyperemia. Most 
severe pathologies were observed on Day 1 and diminished by Day 5.
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Ghost Vessels Hyperemia
Dopants Preliminary Progressive Minimal Moderate Severe
X0 Base 0, 43, 17 100, 14, 0 0, 100, 17 50, 0, 0 50, 0, 0
Base 0, 0, 0 0, 0, 0 10, 0, 0 0, 0, 0 0, 0, 0
X20
Co 0, 0, 0 0, 0, 0 63, 0, 0 13, 0, 0 0, 0, 0
Cu 22, 0, 0 11, 0, 0 22, 0, 0 0, 0, 0 0, 0, 0
CuCo 30, 0, 0 0, 0, 0 60, 13, 20 30, 0, 0 0, 0, 0
Base 0, 0, 0 0, 0, 0 20, 0, 0 0, 0, 0 0, 0, 0
X40
Co 10, 0, 0 0, 0, 0 50, 25, 25 10, 25, 25 0, 0, 0
Cu 50, 0, 0 38, 33, 0 63, 67, 50 13, 0, 0 0, 0, 0
CuCo 30, 0, 0 30, 0, 0 40, 0, 0 30, 0, 0 10, 0, 0
X60 Base 25, 0, 0 0, 0, 0 50, 14, 0 29, 0, 0 17, 0, 0
B3 Base 10, 0, 0 0, 0, 0 50, 0, 0 13, 0, 0 14, 0, 0
The pH neutral glasses, X20 and X40, were both doped with Co, Cu, or CuCo. 
The dopants decreased the viability of the chick CAMs (Figure 7). For both series, all 
dopants had less than 100% survivability by Day 1, < 60% by Day 3, and < 30% by Day
5. Both Co and Cu had lower survival rates than CuCo after Day 2. Furthermore, these 
dopants had some acute effects on the CAM with more ghost vessels and hyperemia than 
their respective base glasses (Figure 8; Table 3). Most of these features went away by
Day 5 after administration. Cu is noted to be angiogenic23,24, but the amount of Cu in 
these glasses (4% wt CuO) may have been too much for developing vessels in the CAM, 
reducing viability, and may have a different effect on established vessels. The X40Cu 
sample agglomerated on the CAM, making overall imaging and quantification 
impossible. Interestingly, the X20Co glass increased the angiogenic indicators but 
decreased mean segment width over the X20 base composition, whereas the X40Co glass 
decreased angiogenic indicators and increased segment width over its base composition. 
For both X20 and X40 compositions, doping with CuCo increased vessel density and 
branching points. However, when compared to the respective base composition,
X40CuCo increased mean segment width while X20CuCo was comparable.
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Table 4: Summary of base glass characteristics at 24-hours. Double arrows indicate
progressive / severe pathology.
Dissolution pH in SBF B release (ppm)
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Figure 8. Angiogenesis of doped glasses in CAM assay. Approximately 2.5 mg of -20 
pm doped glass was suspended in 20 pL PBS and immediately added to 10-day old 
chick CAMs. Image were taken 1 day after the administration of glass (A). CAMs 
were evaluated by vessel density, total branching points, and vessel width at 24 hours 
(B). Ghost vessels are excluded from these metrics. Dopants had little effect on 
angiogenesis compared to base glasses and the control. Values are mean ± SD; *p< 
0.01 compared to X20 base, Ap< 0.01 compared to X40 base, and #p< 0.001 compared
to PBS. Scale bar = 2mm.
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4. DISCUSSION
Both Na-Ca-borate and Na-Ca phosphate glasses dissolve congruently in neutral 
pH solutions, releasing boric and phosphoric acid to the solution, respectively32,33. Boric 
acid is relatively weak (pKa=9.27)34 and when it combines with the strong bases that 
form with the release of Na+ and Ca2+ ions, the dissolution in water of Na-Ca-borate 
glasses increases pH32. Phosphoric acid, on the other hand, is relatively strong 
(pKa=2.16)34 and so when phosphate-rich Na-Ca-phosphate glasses dissolve in water, 
solution pH decreases33. Borophosphate glasses also dissolve congruently39. As shown in 
Table 2, phosphate-rich glasses create acidic environments, borate-rich glasses create 
basic environments, and the intermediate compositions can retain pH neutral 
environments. Similar pH-control effects have been reported for the substitution of P2O5 
for SiO2 in in Na-Ca-silicate glasses6.
In addition to altering local solution pH, the ion release rates of the X-series base 
glasses, vary significantly (Table 2). In SBF, X20 dissolves at a rate that is about 30 
times slower than X0, which itself dissolves about 10 times slower than X40, and X40 
dissolves about half as fast as X6039. Because these glasses dissolve congruently, the 
release of the constituent ions, including metal ion dopants, will vary accordingly. For 
example, ions are released from X40 about 350 times faster than from X20. The ability to 
tailor the time-release kinetics should allow biomaterial designers to use materials like 
these for different applications.
Angiogenesis, the process by which new blood vessels develop from pre­
existing vessels, requires EC to proliferate, migrate, and form tubes35. Previous reports 
showed 45S5 and borate-substituted 45S5 did not stimulate HUVEC proliferation, but did 
increase endothelial migration13.In that study, the lack of proliferation was reported to be 
due to insufficient concentrations of silicon in their glass, and they credited the migration 
to boron. Similarly, our glass series did not stimulate HUVEC proliferation, but the glass 
with higher boron content increased HUVEC migration.
It is interesting to note that while the X20 glass did not increase HUVEC 
migration (Figure 3), it did increase HMVEC-d migration (Figure 4), suggesting that 
local pH and ion concentrations may have different effects on different parts of the body. 
This coincides with results from Wesson et al who demonstrated that microvascular cells 
from the kidney and the heart secreted different levels o f an angiogenic factor when the 
local pH was reduced36.
Previous studies have reported that an acidic pH can increase angiogenesis to 
poorly vascularized sites under both normal and pathological conditions35. This may be 
due to an acidic extracellular environment upregulating GPR4, a proton-sensing receptor 
expressed on endothelial cells, or it could be the acidic extracellular environment 
increasing VEGF binding21-24,37. In this work, the acidic X0 glass produced the most 
ghost vessels and hyperemia on chick CAMs one day after administration. However, 
these features disappeared by Day 5, and the viability of the chick was unaffected 
throughout the experiment. Although we do not know the reasons for this, the capillary 
endothelium does undergo considerable morphological change in this stage of chick 
development, with developing vasculature having discontinuous basement membranes,
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increased mitosis in days 8-10, and relatively undifferentiated endothelial cells30. It 
would be interesting to compare our results for the developing vascular network of a 
chick CAM to an established vascular network and evaluate if an acidic bioactive glass 
might have increased therapeutic applications related to angiogenesis.
Less is known about the vascular effects of an alkaline environment, like those 
created by X60 or B3. The earliest reports of alkaline reactions, in particular 
phosphatases, in vascular cells showed differing effects on capillaries compared to 
medium-sized arterioles, as well as differences in phosphatase activity in the capillaries 
of different organs38. Other studies showed that an alkaline agent, such as sodium 
bicarbonate, increased the percentage of endothelial cells expressing VEGFR-2 and 
provided stronger anti-cancer activity when combined with an anti-cancer drug21. Similar 
to Faes et al who witnessed an increase in mean vessel density with sodium bicarbonate 
treatment21, we found that CAM treated with X60 particles also increased mean vessel 
density (Figure 5).
An overall summary of our results for all the BP glass base compositions can be 
seen in Table 4. O f all the compositions tested in this study, X40, a fast-reacting, pH 
neutral glass, was the most angiogenic and had the least amount of pathology (ghost 
vessels and hyperemia) associated with the chick CAM. Consequently, X40 was further 
investigated by doping with Cu, Co, or CuCo, all which had previously been shown to 
increase angiogenesis23,24. We did not see an increase in angiogenesis with the Cu-doped 
glasses, which we had expected. The concentration of CuO may not have been optimized 
for developing vessels and may have different results in established vessels.
57
58
Another surprise to us was the decreased EC proliferation and migration to the 
DP compared to the direct glass. Except for X20Co, the DP of the doped glasses did not 
stimulate HUVEC proliferation as much as the direct administration of glass (Figure 2B). 
This may be due to the reaction rate of the glasses and phosphate precipitating out more 
quickly when cells are not present. These results, however, show that BP glasses have 
significant potential as scaffolds or for other applications since they do not require 
preconditioning prior to use for in vitro or in vivo studies.
5. CONCLUSIONS
There have been few investigations into creating BGs that degrade in a pH neutral 
manner. The angiogenic potential of novel BP glasses with a neutral pH were 
investigated for their angiogenic capacity in this study. The in vitro and in vivo results 
from this study demonstrated that these pH neutral glasses are promising candidates as 
angiogenic biomaterials for future use in wound healing and tissue engineering.
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2. CONCLUSIONS, FUTURE DIRECTIONS AND BROADER IMPACT
2.1. CONCLUSIONS
It should be noted that only a few studies in literature focused on creating BGs 
that degrade in a pH neutral manner. Our collaborators created a series of pH-neutral 
BPBGs, and this thesis tested those glasses for biological outcomes in vitro and in vivo. 
These pH-neutral BPBGs maintained ASCs viability under static normal conditions and 
without having to be pre-reacted. Additionally, the breakdown of the glass attracted 
endothelial cells more than the dissolution product, further demonstrating that it is not 
necessary to pre-react the glass. This work also sheds light on how modification to the 
glass composition and pH can create either pro- or anti-inflammatory conditions, as well 
as pro- or anti-angiogenic conditions. Taken together, the results from these studies, will 
allow glass to be customized for personalized medicine.
2.2. FUTURE DIRECTIONS AND BROADER IMPACT
The work from this thesis can be further explored by:
• Further discerning how BPBGs can affect the ASC secretome. While this work 
treated the ASCs with BPBG for 24 hours, how would shorter or longer 
treatments affect ASCs? Furthermore, how long do these changes last? The 
answers to these questions would help us to understand how the basic science 
behind how these biomaterials actually works, as well as give insight to how they 
can be used for personalized treatments in the clinic.
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• ASCs are affected by their niche, including neighboring cells and surrounding 
ECM. Consequently, ASCs isolated from patients with health conditions such as 
diabetes, Parkinson’s, or multiple sclerosis, have an altered phenotype. Table 1. 
demonstrates the differences between ASCs from healthy and diabetic persons. 
One of these differences is the increased pro-inflammatory properties of ASCs 
from diabetics. Hence, another future direction of this work is to evaluate if 
BPBG alter the phenotype of ASCs from diabetics in the same manner as healthy 
persons. Again, this will shed light on a completely new approach to using BGs as 
a therapeutic agent.
Table 2.1. Differences between healthy ASCs and diabetic ASCs (dASCs).
dASCs has similar effect as healthy 
ASCs in:
• Expression of PDL-1, NOS-2, IL-10, 
PIGES, TGFP-1, PDL-2, HLAG, 
TGS6 genes.
• Glucose Production.
• HeLa cell growth.
• Chondrogenesis. 56,57,58,63,68,71,73
dASCs showed different effects in:
• Expression of CD34, VEGF and 
MDA
• Proliferation, Adipogenesis and 
Osteogenesis (discrepancies in the 
literature =, f, j)  55,56,57,58,61,62,67,72,73
dASCs showed increase in the dASCs showed decrease in the
expression of: expression of:
• P16, P27, P53, MAP-2, PIGF, • SOP, GSH, CAT-enzyme, FGF2,
HGF, THBSI, INCR, NCAM1, PFGF, tPA, PDGF-a, SDF-1,
NCAM-5 62,65,71. CXCR4, FGTR-2, PDGF-Ra, SDF-
• Vimentin, Nestin, Smooth muscle 1, IGFbb, MCP-1, vWF, CD31,
actin, Fibronectin, E-Cadherin, MMP-2, MMP-9, Ang-1, Ang-2
PECAM-1, ITAGV 68. 55,56,60,63,66,67,73
• OCT4, Nanog, SOX-2, PAI-1, • Telomere length 64
miRNA-3P & 15-5P, LC3, • Migration to SDF-1, VEGF 72.
BECLIN1, P62 59 62. • CFU 64,66.
• Degrade fibrin 59. • EC tube formation/ Sprout formation
• Glucose Intake 61,70. 56,60,62,69
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• As previously mentioned, there is an increased interest in using medically 
relevant ions in BGs. These ions, when added in small amounts, are called 
dopants. There is controversy in literature on the effects of some ions, like B, on 
ASCs and other cells. Meanwhile, other ions have little to no studies on their 
biological functions. A future direction of this work, which I have already begun 
(Appendix), is to perform a meta-analysis of medically relevant ions in literature 
and their effects on ASCs. This will help material scientists to know what 
dopants to use, in what amounts, and for which applications.
• A recent article presented a novel machine learning (ML) model that has the 
possibility of predicting BGs dissolution behavior and resulting pH using a 
database of more than 1300 experimentally obtained, distinct data records. This 
ML model could be beneficial in future applications to design novel BGs with 
desired properties for the clinic 54.
Table A.1. Boron
T ra c e



































F o r 2D 
application, 
Bone acid
(HjB0 3)  was 
prepared as a 
solution.
Cells were 
seeded at the 
density o f  5x l03 
cels/cm 2
Three different 
concentrations o f  
boron were 
prepared ( 1 ,10,
20 pg/ml)
Cells cultured 




o f  B for 24 hr.
Static
Culture.
•  B has not any toxic effect on 
AdMSCs even m  the highest 
concentration
•  B promotes osteogenic 
differentiation o f  AdMSCs.
•  The results o f Presto Blue analyses 
showed that the cell viability.' 
increased in each group with time.
•  I t w as remarkable that 20 pg/inL B 
concentration enhanced the 
expression o f  C oll A1 and 
R u n X 2a tday7and  14.














suspension o f  
AdMSCs at a 
cone, o f  2 .5x l05 
cells/scaffold 








o f  growth 
medium at 




NA •  AdMSCs expressed the typical 
MSC m aiker proteins CD29, 
CD90, CD54 and CD106.
•  Expression o f  the endothelial 
lineage and hematopoietic lineage 
markers CD45 and CD1 lb  were 
lack o f  expression
•  There were much more ECM 
synthesis and collagen production 
in  induced group when compared 
to unstable pellets in control group
•  A  few  numbers o f  AdMSCs 
attached onto C’h scaffolds and 
exhibited rounded shape, however, 
a high number o f  AdMSCs
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Table A.1. Boron (cont.)
attached onto H A p /C h and B - 
H A p /C h  scaffolds.
* B -H A p /C h  scaffolds affects 
adhesion, proliferation and 
osteogenic differentiation o f 
A dM SCs.
* Boron scaffolds (B -H A p /C h ) is  
believed to be more effective for 
the osteogenic differentiation o f 
A dM SCs than C h  and H A p /C li 
scaffolds.
• Com parison o f SEM  results 
concluded that the most secreted 
E C M  and calcium  phosphate 
m ineralization were observed on 
B -H A p C h  scaffolds.
• Tliere was no significant difference 
for osteonectin expressions level 
between H A p /Ch and B -H A p /C h  
groups at the day 14th. W hile 
osteopontm expressions increased 
on the 28th day o f culture m both 
groups






Human 45 years 
old




from  a 
lipoaspirate.
C e lls  from  
passage 3 
were used.
D M EM 1 0 %  
F B S  and 
1 %
P SA
(P en ic ill
in/Strept
om yeni
A n ip ic ill
m)
M ain stock 
solution of 
Bone acid was 
prepared in  the 
culture medium 
concentration 
o f 10 m g m l 
(163.9  mM)
1 1 separate 
concentrations 
between 5 and 
2000 pg'm l (5, 
10 , 20 ,5 0 , 100, 
20 0 ,250 , 500, 
70 0 ,10 0 0, 2000 
pg/m l) o f boric 
acid were 
prepared in  
culture medium
h A D SC s 
(passage 3) were 
seeded onto 96- 
w ell plates at a 




days) are 24, 
4 S , and 72 h, 
10  p L o f M TS 
reagent in  100 
p L  o f growth 
m edium  was 
added to each 
w ell, and the 
plate was 
incubated for 
2  h a t 37 °C
N A • Flow  cytom etiy results revealed 
that hA D SC s were positive for 
M SCs surface antigens (C D 29 , 
CD73„ CD 90, C D 10 5 , and C D 166) 
and negative for hematopoietic 
m arkers (C D 34 , C D 45, and C D  14)
• C e lls  were positively 
imm unostained w ith osteocalcin 
and calcium  depositions, collagen 
n  and lip id  droplets to confirm  the 
osteogenic, chondrogenic and 
adipogenic differentiation.
• N o cytotoxicity w as observed for 
any bone acid concentrations.
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Table A.1. Boron (cont.)
* 5 and 50 pg/m l o f boric ac id  
sig n ificantly increased c e ll v ia b ility  
and did not exert any cytotoxicity.
* It  shows the positive M yoD , M Y H , 
and a -S M A  staining o f transformed 
ce lls; 50 pg/m l boric acid 
application exhibited slight 
decrease in  protein expression for 
M yoD  and a -S M A  compared to the 
control
* Study shows that high-dose boron 
treatment sig n ificantly decreased 
the m yogenic differentiation 
potential of hA D SC s.
* Results proposed that low -dose 









Rats N A N A Bone 
marrow 







ends o f the 
rat femora 
were cut 
away from  
the
epiphysis.
M EM E 10 %
F B S  and 
1 %  P SA
B N N Ts used in  
this study were 
synthesized by 





metal oxide as 
precursors.
A  certain 
amount o f 






w ith the 
piranha 
solution.
About 1 m L of 
M SCs 
suspension, 
about 104 ce lls 
m L"1 m  culture 
medium , was 
poured on the 
B N N T layer 
coated plate.
The M SCs 
attached to the 
B N N T  layer 
coated plate 
were cultured 
in  5 %  C 0 2 at 
3 7  °C  for 7 
and 14  days.
The culture 
m edium  was 
replaced w ith 
a fresh one 
eveiy 3 days.
N A * Quantitative measurements 
indicated that B N N Ts layer on 
cover glass had showred higher 
proteins (fibrinogen, lam inin and 
fibronectin) adsoiption a b ility  than 
cover glass control.
* B N N Ts layer promoted 
proliferation, total protein and 
osteogenic differentiation o f M SCs
* The number o f M SC s on B N N Ts 
layer w ith 5 pg m L-1  concentration 
is  the highest among the data after 
14  days o f culture.
* M SC s on the B N N Ts layer w ith a 
low  B N N T content show higher 
A L P  activity than the controls after 
7 days of culture.
* M SC s on the B N N Ts layer showed 
sign ificantly increased O CN  
protein concentration, a late marker 
o f osteogenic differentiation
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Table A.1. Boron (cont.)
• Fo r human bone marrow stromal 
ce lls (B M SC s), at low  
concentrations o f boron ( 1 , 10 , and 
100 ng m L-1 ) increased osteogenic 
differentiation, and at a high 
concentration o f boron (1000 ng 
m L-1 ) inhibited proliferation o f 
B M SC s.
Sodium  
pent a borate 
peuta hydrate
(N *B)











hA D SC s
from
passages 4 -6  
were used in  
a ll
experiments
D M EM 10 %  
F B S  and 
1 %  PSA
N aB were 






N aB  were tested 
(10 ,2 0 , 50 ,10 0 , 
and 150 pg/mL)_
C e lls were 
seeded in  96- 
w ell-plates at a 
density o f 5,000 
ce lls/w ell
In  the 2ad day, 




o f N aB .
C e lls  were 
incubated 
w ith N aB for
2 4 ,48, and 72 
h.
N A • C e lls  were positive for C D 29 , 
CD 44. C D 73, CD 90, and C D 105, 
M S C  surface m arkers, whereas 
they were negative for C D  14,
C D 3 4 and C D 4 5, hematopoietic 
stem ce ll (H S C ), surface markers, 
and for C D 3 1, endothelial ce ll 
marker
• C e lls  treated w ith N aB showed 
low er m R N A  expression levels for 
adiponectin, adipocyte protem 2 
(oP2), Lipoprotein lipase (L P L ), 
C E B P  a , and peroxisome 
proliferator-activated receptor y  
(P P A R -y), compared to the levels 
detected in  the P C  at a ll 
concentrations o f N aB (20, 50, and 
100 pg/m L (6 8 ,170 , and 340 pM )
• None o f the five N aB cone, tested 
w as found to be toxic to hA D SC s. 
Although, N aB increased the 
su rvival o f cells.
• Adipogeuic differentiation capacity 
o f hA D SC s is  suppressed b y the 
N aB  treatment in  a dose-dependent 
manner






Human 15 years 
old
N A h T G S C s 
were isolated 
from  the 
tootli germ 
o f a patient.
D M EM 10 %  
F B S  and 
1 %  PSA
N aB was 
dissolved in  the 
culture medium 
at a 0 .1 g /in l 
stock
concentration.
13  separates N aB 
concentrations 
between (5-700 
pg/m l) were 
prepared in  
culture medium
Ciyop re serve 
d ce lls were 
thawed 1 day 
or 6 months 
after each 
cryopreservati






• C e lls  were proven to be positive 
for M SC s markers (C D 29 , C D 73, 
CD 90, C D 10 5 , and C D 16 6 ) and 
negative for hematopoietic m aikers 
(C D 34, CD 45, and C D 14 ).
69
Table A.1. Boron (cont.)
Table A.2. Barium
T ra c e




C e lls M e d ia P ro to co l R e su lts




Passage B a sa l
m edia
Serum M a te iia P s Fo rm M a te ria l’s
Cone.
A p p licatio n s C o n d itio
ns
B a riu m
T ita n a te
N a n o ­
p a rtic le s
(B T N P s )
6 M SCs Rat N A N A N A D M EM 10 %  
F B S  and 
1 %  P S A
B TN P s were 
purchased as a dry 
sample and then 
stabilized in  an 
aqueous 
environment o f 
non-covalent 
G ly co l Chitosan
j e e r _____________
S ix
concentrations 
o f G C - 
B TN P S were 
prepared (0, 5, 
10 , 20, 50 and 
100 pg/m l)
M S C s were 
incubated w ith 
G C -B T N P s for
24, 72 and 120  h.
C e lls  were 
cultured on glass 
coverslips 
(12  nun m
Static
Culture
• M S C s were differentiated mto 
adipocytes after 14  days o f 
culture.
• V ia b ility  o f M S C s follow ing 
exposure to increasing 
concentrations o f barium
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Table A.2. Barium (cont.)
diameter) at a 
density o f 
15,000 cells/cm 2
Interaction o f 
M S C s w ith G C - 
B TN P s was 
investigated after 
a 24 h incubation 
at increasing 
concentrations o f 
nanoparticles.
titanate nanoparticles resulted 
excellent up to 100 pg/m l
• V ia b ility  and proliferation o f 
the M S C s were not affected b y 
the presence o f high cone, up 
to 100 pg/m l o f g ly c o l- 






7 M SCs Rat N A N A M SC s from 
the second 
passage were 
used in  a ll 
expenments.
D M EM 10 %  
F B S  and 
100 
U /m L 
p em cilli 
n  100 







M S C s were 
tiyp sin ized  and 
seeded on glass 
slides (diameter 








were done at 
20  pg/m L o f 
B TN P s
C e lls  were 
seeded at 
10,000/cma 
for tests in  
proliferation 
conditions and 
at 30,000/cm 2 




C e lls  were 
seeded in  
glass slides 
then provided 
w ith B TN P s 












between lg  
and 20g.
• H ypergravity stim ulation and 
B TN P s adm inistration enhance 
the osteogenesis o f the M SC s.
• Short treatment (3 hours) at 20 
g  combined w ith incubation 
w ith 20 pg/m L o f B TN P s 
promoted the osteogenesis o f 
M SC s
• R U N X 2 was sig n ificantly 
upregulated in  20 g-treated 
samples w hile C O L 1A 1 
transcription wras sig n ificantly 
enhanced (1.5 -fo ld ) only in  the 
double-stim ulation 20 g +  
B TN P s.
• A L P L  was sig n ificantly 
upregulated (1.6 -fo ld ) when 
ce lls were synergistically 
stim ulated w ith hypergravity 
and N Ps
BTNPs 






S B M -
M SCs
Rat NA N A C e lls  from 
passages 3 to 




D M EM 10 %  
F B S  and 
100 




B TN P s surface 
m odification was 
done by using 
sodium  citrate 
solution
and then dispersed 
into the P L L A  
solution to form
The B TO  
contents were 
set as 1 , 3 , 5, 
7 : and 10 
w t.%  o f the 
P L L A




scaffolds in  
12 -w e ll plates
(SxlO 4
cells/w ell)
N A • The optim al B TN P s content in
the P L L A  fibrous scaffolds is  
at 7 w t.% .
• The random ly oriented 
composite fibrous scaffolds 
sig n ifican tly encouraged 
polygonal spreadmg and early
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Table A.2. Barium (cont.)
sc a ffo ld s
w ith
F e rro e le c tr i 
c c e ra m ic  
B T N P s )
every 2­
3 days












were done at 
1,3 ,5 ,7  days 
o f culture.
osteogenic differentiation o f 
B M -M S C s, So, it  w ill have 
prom ising potential for bone 
generation applications.
• The aligned composite fibrous 
scaffolds increased ce ll 
elongation and discouraged 
osteogenic differentiation o f 
B M -M SC s.
B a riu m
c h lo rid e
an d
stro n tiu m  
c h lo rid e  
(BaCh +  
SrCli)
9 B M -
M SC s











dishes at an 
in itia l 
density o f 
25,000 
ce lis/w ell.
D M EM 10 %  
F B S  and
100 u







N A Different 
concentrations 
o f B aC 12 (0 .1. 
0 .3, or 1 niM ) 
and SiC'12 
(0 1,0 .3 , 




plates (150  
mm in
diameter) at a










after 1 , 3 ,7, 
or 14  days in  
culture
N A • B arium  and strontium  had a 
superior enhancing effect on 
ce ll proliferation.
• B ariu m -like  strontium is  
considered one o f the 
important factors in  inducing 
m esenchym al stem ce lls to 
differentiate into osteoblasts 
w ith further enhancement on 
bone form ation.
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Table A.3. Cobalt (cont.)
T ra c e




C e lls M e d ia P ro to c o l R e s u lts






Serum M a te ria l’s
F o rm
M a te ria l’ s Cone. A p p licatio n s C’ond
itio n s
C o b alt
C h lo rid e
(C 0C I2)
10 M SC s
A D M S C S
(Adipose
M SC s)




U C M SC s 
(U m bilica 
1 cord 
M SC s)









U B M SC s 
were obtained 
from  the 
tissue o f 
u m b ilica l 
coids o f fu ll- 
term
pregnancies.
A ll the 











1 0 %  FB S 
and 1 %  PS.
Then
changed to 
2 %  F B S  
and 1 %  
antibiotics
N A The cells
were seeded in  96- 
w e ll culture plates 
at a density' o f 1  * 
10 4
ce lls/w e ll for 24 
hr.
The culture m edia 
changed, then 




C o C F  ranging 
from  50 to 400 
fOA..
The M S C s were 
treated w ith 
100 /j M  C oC 12 for 
6 h , 12  h , 24  h, 
and 48 h.
N A • D ie  highest c e ll lia b ilit y  w as 
obtained at 100 pM  o f C o C h , 
after 24 h and 48 h in  a ll the 
three M SC s tested.
• The U C M S C s are more prone 
to ehondrogeme differentiation 
and to nonhypertrophic 
chondrogenesis, compared to 
the D P M SC s and A D M S C s.
• It w as found that these ce lls 
were h ig h ly  positive for 
C D 10 5 , C D 7 3 , andCD 90 
(> 9 5 % ) and negative for 
C D 34 , C D 19 , C D 4 5, C D 14 , 
and H L A -D R  (< 3 % ).
• Densitom etric analysis o f 
protein bands showed a tim e- 
dependent upregulatian o f 
H IP -la  m D PM SC s and 
U C M S C s, w hile no significant 
difference was evaluated m 
A D M S C s.
• D M SC s showed upregulation 
od SO X 9  follow ed by 
reduction in  expression after
14 .2 1 and 28 days, and showed 
upregulation o f V C A N  after
7 .14 .2 1 and 28 days, and 
showed no am plification for 
C O L 2 A 1 and A C A N .
• U C M S C s showed a tim e- 
dependent upregulation o f a ll 
ehondrogeme m arkers tested
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(SO X 9  -  C O L 2 A 1 -  V C A N  -  
and A C A N ).
• A D M S C s showed a constant 
expression o f SO X9 and 
A C A N  compared to control 
and showed upregulation of 
expression for C O L 2 A 1 and 
A C A N .
11 M SC s 
(C 3 H /10 T  
1/2  ce ll 
line)
M urine Em bry
0
N A Experim ents 
were used 
from  5th to 
15 *  passages.
D M EM 1 0 %  FB S 
and 1 %  PS




2 %  F B S  
and 1 %  
antibiotics.
C 0C I2 
dissolved 
in  D M EM  
containing 
2 %  F B S  
im m ediatel 
y  before 
use.
C e lls  were seeded 
m 96-w ell culture 
plates at a density 
o f 0.5* 10 4 
ce lls/10 0  m l in  
each w ell.
C e lls  were 
incubated m 
growth m edia for 
24 hr and then 
incubated in  
growth m edia for 
24 hr and then 
treated w ith 0 .1—5 
m M  C'oCh.
For
differentiation, 
ce lls were p ie - 
incubated w ith 0.1 
m M
C o C 12 for 0, 24, 
or 48 h.
N A • C o C l2 d id not affect Hie 
v ia b ility  o f M S C  ce lls 
concentrations <0.25 m M  
w hile v ia b ility  decreased in  a 
dose-dependent manner at 0.5, 
1 , and 5 m M  C o C l2
• Expression o f H IF -la  m R N A  
was sig n ifican tly increased at 
24  h  compared to the control
• R T -P C R  revealed the 
significant up-regulation o f the 
expression o f osteogenic 
m arkers (C o l I , A L P  and 
R unx2) in  C o C l2  treated group 
compared w ith control.
• The expressions o f osteocalcin 
(O C N ) and osteopontm (O PN ) 
m R N A  were slig h tly  affected 
b y treatment o f C o C l2 .
• In  pre-incubation w ith C o C l2 , 
the results indicate that 
treatment o f C o C 12 p a rtia lly  
enhances osteogenic 
differentiation and m atrix 
m ineralization on C 3 H /10 T 1/2  
ce lls
• Fo r chondrocyte m arkers, 
SO X9 was slig h tly  mcreased at 
24  h  o f C o C 12 incubation, 
w hile the m R N A  le vel o f 
Aggrecan and C o l 2A . the
74
Table A.3. Cobalt (cont.)
downstream targets o f Sox9, 
were sig n ificantly up-regulated 
in  C o C 12 heated ce lls at 48 h 
o f C oC 12 incubation.
* Both o f Co C 12 treated group 
sig n ifican tly inhibited 
proliferation o f ce ll and lip id  
form ation compare to the 
control group.
* For adipo genic m arkers, 
PP A R y w as sig n ifican tly 
decreased in  both C o C l2 
treatment groups. A lso , the 
m R N A  expression level o f the 
downstream o f PP A R y, aP2 
and C /E B P a  were also strongly 
dow n-regulated in  treatment o f 
C o C l2  group compared w ith 
the control
* Treatment o f C o C l2 enhanced 
differentiation to osteoblasts 
and chondrocytes and 
suppressed differentiation to 
adipocytes.
12 U C B -
M SCs





Human N ew ­
born
baby
N A C e lls  were 
isolated from  
u m b ilica l cord 







ce lls that were 
passaged 5 -8  
tim es.
ct-M EM 10 % F B S
and
gentam icin
C o C l2 stock
solution
was
prepared b y 
d issolving 
d irectly in  
d istilled  
water (100 
niM ).
C 0C I2 w as added 
into the m edium  at 
10 0 //M .
C e lls  were tested 
w ith different 
concentrations of 
C 0C I2 (0, 0 .0 1,
0 .1, 1 , 10 , 100 
P  M )-
C e lls  were 
incubated in  the 
presence o f C o C l2 
for the indicated 
tim es.
U C B -M S C s 
were seeded in  96- 
w e ll plates and 
incubated for 24 
hr. The ce lls wrere 
heated w ith 
various
concentrations o f 
C o C b  for 72 hr.
N A * For the effects o f C o C 12 on the 
im m unom odulatory properties 
o f h U C B -M S C s, M L R  was 
perform ed, so when C o C l2 - 
treated h U C B -M S C s w ere 
cocultured w ith allogeneic 
hPB M Cs or P H A  , the 
proliferation and cluster 
form ation o f T  ce lls decreased 
compared w ith that o f naive 
h U C B -M SC s.
* CoCl2-treated h U C B -M SC s 
h ig h ly expressed the anti 
inflam m atory mediator P G E2, 
whereas expression le vels o f 
the prom flam m atory cytokines 
T N F -a  and IF N -y  were
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re lative ly  low er than those in  
the control group-
• Treatment w ith C o C l2  had no 
effect on the m orphology or 
v ia b ility  o f h U C B -M SC s.
• F A C S  analysis showed that 
CoC12-treated h U C B -M SC s 
expressed the M S C -sp ecific 
m arkers CD 90, C D 10 5 , 
C D 16 6 , and C D 7 3 , but not 
C D  14 , C D 4 5 , C D 34 , and 
H LA -D E L
• Pretreatment o f h U C B -M SC s 
w ith CoClo im proves the 
therapeutic effects o f M SCs 
for the c lin ic a l application o f 
allogeneic c e ll therapies.




(C o  *2 M iifl3 
F e jO ,)











oma ce ll 
line
Dog N A N A M S C s were 
isolated from  
sub-cntaneoiis 
adipose tissue 
(2 g) collected 
from  the dogs' 
ta il bases.
A S C s 
were 
cultured 
m  D M EM
C 2 ce ll 
lin e  were 
cultured 
rn EM E M
1 0 %  FB S 
and 1 %  PS.
F o r C 2  C e ll
lin e , 5 %
F B S  and





















and 1.5 6 5 1 
g Fe(acac)3.
C 2  and A S C  
ce lls were 
in o ailated  into 
24 -w ell plates at 
an in itia l 
concentration 
2 x 104 pei- w ell.
C e lls  were 
incubated for 
24,48 and 72 hrs.
The analysis o f 
c e ll m orphology 
and growth pattern 
w as perform ed on 





• Cobalt-m anganese fem te 
nanopaificles are potentially an 
effective tool for hypertherm ic 
treatment o f dog skin 
M astocytoma.
• Stim ulation o f A S C s w ith 
M N Ps resulted in  an inh ib ition 
o f proliferation at a ll tim e 
points exam ined.
C a lc iu m /
C o b alt
A lg in ate
Beads
14 A D S C s Hum an N A N A The h A D SC s 
from  passages 
3 -7  were used 
for further 
study.
D M EM 1 0 %  FB S 
and 1 %  PS
C o C h  and 
C aC h  were 
used as 
solutions.
Four cone, o f
C o C l2 (10 , 5 ,2.5 , 
and 1.25m M ), and 
standard cone, o f 
C a C l2 (200m M ) 
and a ll o f them 
were encapsulated
C e lls  w ithin the 
beads wrere 
cultured 
for 7 ,14 , and 2 1 
days, and the 
m edium  was 
changed every 3-4  
days.
N A • The C o l .25 sample exhibited 
strong upregulaticm o f Sox9 
and versican gene expression 
at 14  days, however, Sox9 and 
versican m R N A  expression 
levels were sim ilar to control 
levels at day 2 1 , and H L F 1 and 
collagen type I I  gene
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* Fe in  a ll its form ulation 
induced the expression o f 
A P 2 A 1, and upregulation o f 
IL lb  a n d B C L 2.
* Cobalt caused only the 
downregulation o f interleukin 
6 (TL6) expression after 96 h of 
exposure
C o b alt
C o n tain in g
B ioactive
G la ss
(C o B G )
16 B M -
M SC s
Human N A N A Fo r
cliondrogenic 
differentiation 
, passage 3 
w ere used but 
for a ll other 
experiments, 
h M SC s used 
at passages 
5 -6
a-M EM 10 % F B S  
1 n g /pL 
b FG F  1 %  
PS.
Cobalt is





(C o B G )
The glass particle 
size used in  this 
study was <38 pm 
in  diameter (d= 
0 9 )
Increasing 






referred to as 
0 % C o B G ,
1 % C o B G , 
1.5 % C o B G a n d  
2 % C o B G  
according to their 
m olar
cobalt content or 
as C o B G s.
A fter 
3 days o f 
culturing, the 
m edium  was 
replaced w ith 1 
m L o f control or 
the various 
C o B G -
conditioned m edia 
a ll containing 
chondrogemc 
supplements.
H ie  pellets were 
continuously 
cultured in  die 1.5  
m L
m icrocentrifuge 
tubes and the 
m edium  were 
changed every 2 -3  
days.
* Exposure to 1.5 % C o B G , 
2 % C o B G  as w e ll as the 100 
pM  and 200 pM  C o C l2  
positive control conditions led 
to a significant increase in  the 
amount o f H IF -la  protein 
compared to control m edium  
and 0 % C o B G  (in  order to 
assess whether the C o B G  
dissolution products m im icked 
hypoxia in  hM SCs)
* N o significant differences in  
m etabolic activ ity  were 
observed after 24 k  and 4  days 
o f treating hM SC s w ith C o B G - 
conditioned m edia as w e ll as 
100 pM  C o C 12.
* A fter 7 days o f treatment, the 
m etabolic activ ity  o f hM SCs 
cultured m 2 % C o B G - 
conditioned m edium  was 
sig n ifican tly  low er than in  
control and G % C o B G .
* O verall, m etabolic activ ity 
increased over tim e for a ll 
conditions except for 2 % C o B G  
w hich m aintained its m etabolic 
activ ity le vel from  24 h.
* There were no differences h i 
ce ll morphology' observed
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C o b alt
C hro m ium
A llo y s
(C o C i








N A M S C  were 
seeded at 
6 .1 x 103 ce 
lls/cm v
M S C  were 
incubated w ith 
10  (iM , 40 pM  or 
100 pM  C o C h .
C o C r were 





C o C l2 served as 
negative control.
A n a lysis w as done 




O S -: un­
differentiated 
control cells,
O S + : osteogenic 
differentiated ce lls
Treatm ent w ith 10, 40, and 100 
m M  C o C 12 decreased the ce ll 
number o f O S 'M S C  in  a 
concentration dependent 
manner w hile c e ll number for 
O S +  M S C  was reduced 
perm anently o n ly at lOOmM 
C o C l2 .
H ie  A L P  a ctiv ity  was 
decreased in  O S+ M S C  for a ll 
C o C l2  concentrations at day 7.
In  O S+ M S C , the expression 
o f Rnnx2 was unaffected b y 
most Co (Tf) concentrations 
and only sig n ifican tly  reduced 
in  two o f the three donors in  
the lOOmM C o C l2  group at 
day 2.
A lso , the expression o f IB S P  
was induced up to 2  5 fold for 
two o f three donors at day 14  
and up to 30fold for a ll donors 
at day 2 1 in  the differentiation 
group w ithout C o C 12;
The supplementation w ith 
40m M  C o (TI) ions and more 
over 14  and 2 1 days reduced 
IB S P  expression as compared 
to the non-supplem ented group
H ie  O C N  production showred 
high v a ria b ility  111 ce lls treated 
w ith 10  and 40m M  C o C l2  and 
significant reduction 111 O C N  
amounts were found for 
lOOmM C o C l2 .
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C o C rM o , 
T iO i-co a te d  
C o C rM o  
(C C M T ) and 
T i substrates
is M SCs Human 3
donors
N A O nly ce lls o f 
low  passage 
(<5) were 
used to ensure 
integrity o f 
the results
a-M EM 1 0 %  EB S 
and 1 % P S .
CoCrM o 
discs of 15 




C e lls  were 
exam ined at 7 ,1 4 , 
and 2 1  days after 
incubation w ith 
OM .
M edia over ce lls 









seeded at a 
density o f 
12 .5  x 
10 3 cells 
per w ell in  
Osteogenic 
m edia
A fter 7 days m  osteogenic 
culture, it was apparent that 
C O L -I deposition was 
sig n ifican tly  enhanced on the 
CoCrM o surface, shown by the 
presence o f dense collagen 
fib rils  w hich were not present 
to the same extent on either 
C C M T  or T i.
A fter 14  days, C M T  was 
shown to have sig n ificantly 
more C O L -I per ce ll deposited 
compared to T i, w hile not to 
the same level as CoCrM o.
T i promoted the greatest 
amount o f H A  form ation 
throughout the 3-w eek time 
course, being statistically 
significant over both m aterials 
at 2  w eeks and CoCrM o at 3 
weeks.
A fter 2  weeks m osteogenic 
culture C C M T  and T i had 
sig n ifican tly greater calcium  
ion content per c e ll in  
com parison against CoCrM o, 
im p lying  M S C s on these 
substrates are differentiating at 
a faster rate and producing 
more m ineralized tissue.
T i appeared to promote the 
greatest expression o f vm culrn 
at both tune points and was 
judged to be statistically 
significant against CoCrM o at 
24  h, w hile  C C M T  appeared to 
have greater vm culrn 
expression than CoCrM o at 
both 3 and 24 h, although to a 
lesser extent than that found on 
T i.
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• Both m arkers o f adhesion and 
osteogenesis were enhanced on 
C C M T  compared to CoCrM o, 
im p lying  T iO ; coatings m ay be 
potentially influ ential in  the 
future for im proving the 
efficacy o f orthopedic im plants 
form ed o f nonbioactive 
m aterials such as CoCrM o.
Table A.4. Cupper












Serum M a te ria l’s
Form
M a te ria l’s
Cone.
A p plications Conditions
Cupper 19 A D S C s Human Age 3 A D S C s were D M EM / 10 %  FB S Electrodes A  three-electrode C e lls were Static * C e ll v ia b ility  reduced measured right
com bined w ith between Female isolated from F -1 2  1 :1 w ith 1 % coated with system was used m agnetically before and im m ediately after the 1 h
e lectric fie ld 52 ± 1 2 adipose PS and copper and for the stirred A D SC s stim ulation but there was no significant
years. tissue 1 % copper application in  a tube, and were difference m the ce ll v ia b ility  between
samples ghitamax. containing o f the current. were stim ulated the different stim ulation conditions
collected medium. subjected to for 1 h  with
from  the The electrodes electric copper. • B y  day 4. cells stim ulated w ith 1 m A
subcutis/pelv S ilv e r w ire were first current and/or current or alone or C u  +  1 m A  had proliferated
ic  region or was used as coated with copper for botk less than the control ce lls or cells
breast of a reference copper, then cut I k stimulated w ith C u  + 1.5  m A  or copper
female electrode. to the desired Copper was alone.
patients. size, and thus the A D S C s were released to
copper stimulated the ce ll • Elongation o f C e lls was seen already at
coating was w ith two suspension day 4 when the cells were exposed to
C e lls were exposed. different either current w ith or without the copper.
isolated and current abruptly or
characterize densities w ith gradually • M any cells showed neuron-like
d at passage corresponding via morphology w ith branches from  the
5 -6 . copper electrolysis ce ll body at the 14 days.
concentrations
and w ith 82




C e lls were 
seeded in  
chamber 
slides for 4 ,7, 
and 14  day
Current
used was 1












• Control ce lls and cells stim ulated w ith 
copper alone m aintained their adipose­
lik e  morphology
• The highest expression o f beta-tubulin 
isotype m  (a marker for immature 
neurons) was observed at day 7 when 
cells were stim ulated w ith C u  +  1.5  
m A.
• The highest expression o f M A P -2 (a 
mature neuronal marker) was observed 
in  cells stim ulated w ith C u  +  1 5  m A 
w hile Control ce lls and ce lls stim ulated 
w ith copper alone showed no M A P -2 
expression in  any time points
• Sum m ary: only when A D S C s were 
stim ulated w ith both copper and current 
(1 or 1.5  m A ), there was a positive 
expression o f both beta-tubulin isotype 
IQ  and M A P -2. A lso , the highest 
expressions o f both antibodies were 
detected when the stim ulation 
combined both copper and current.
• Stim ulation w ith electric fields 
combined w ith release of c opper could 
provide a feasible, non-expensive, 
growth factor-free method for the 
differentiation o f A D S C s towrard the 
neuronal lineage indicated by 
m orphological changes and
up regulation o f neuron-specific genes 
and proteins.
M etal ion (Z n , 
A g &  C u) 
doped in  
hydroxyapatit 







Human N A N A hM SCs were 
used at 
passage 4 














1 0 %  P B S, 
5 ng/m l 
o fb F G F, 
1 % P S







w ith a wet 
chem ical 
method.
N A hM SCs were 
seeded m 2 4 - 




slip s, m 1000 
L  media 
containing 
4 xl0 4ce lls,
Static • C e ll v ia b ilitie s were higher than 9 5 %  
after up to 28 days on H A P -A g , H A P - 
Z A g  and H A P Z A g -C u  surfaces.
* C e ll v ia b ility  increased at day 1 and 
day 7 on a ll surfaces compared to the 
control in  both O S+ and O S - groups. 
(OS=Osteogenic supplemented m edia).
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H A P-Com ;
Hydroxyapatite
Com m ercial,
H A P -A g;
Hydroxyapatite
S ilver,
H A P -ZA g ;
Hydroxyapatite
-Zm c/Silver,
H A P -ZA g C u ; 
Hydroxyapatite 
Zinc/Silver/C o p  
per
and 0 .5 %  
Fim gizon
e
Cover slip s 
coated w ith 
H A P-Com , 
H A P -A g, 
H A P -ZA g  




the 24 w ell 
plate.
and incubated 
for 1 , 7 ,21 
and 28 days.
Uncoated 
cover slip  was 
used as a 
control 
surface.
• The calcium  deposit on H A P -ZA g C u 
was the highest among a ll surfaces in  
both conditions. A lso, without 
osteogenic inducement (O S-), calcium  
deposition ratio was very high on a ll o f 
surfaces compared to the polystyrene 
surfaces.
• The Nano-powders are biccom patible 
and have no negative effects on the 
hM SCs proliferation and osteoblastic 
differentiation in  vitro.
• hM SCs can differentiate to osteoblast 
on H A P-Com ., H A P -A g, H A P -ZA g  
and H A P -Z A g C u  surfaces without 
exogenous osteogenic stim ulation.
• A L P  activity was significantly' higher in  
hM SCs grown on H A P -A g, w inch was 
2 0 %  more than the hM SCs grown on 
H A P-C om  for O S +  group
Z n -C u  
im idazole 
M O F coated 
P L L A
scaffolds.






































were cut into 1.5  
mm diameter, 
circular pieces, 
then put into 24 
w ell tissue 
culture plate 
(TC P ).
A n in itia l density' 
o f 5 x 103 cells 
was seeded on 
each scaffold for 
assessment o f 
ce ll attachment 
and proliferation.
H ie  ce ll 
loaded
scaffolds were 
refreshed w ith 
DM EM  
including 
10 %  M TT 
solution after 
24 hr. for ce ll 
adhesion and 
on days 1 . 4, 
and






* PLLA @ M O F showed a sm aller 
number o f cells than pure P L L  A  
scaffolds and T C P .
* The A L P  activity in  a ll kinds o f 
scaffolds increased from day 7 to day 
14, but then reduced in  the 2 1s* day.
* PLLA @ M O F showed significantly7 
highest A L P  activ ity on the 7th and 
14th day7 than pure P L L A  scaffolds and 
T C P
* Z n -C u  im idazole M O F coated P L L A  
scaffolds (PLLA@ M O F) showed better 
osteogenesis o f human adipose tissue- 
derived M SCs compared with pure 
P L L A  sc affold and T C P s due to 
im proving the surface b ioactivity
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Female rB M SCs 
from  the 
third passage 
were used.
D M EM -
L
10 %  FB S 




Cupper is  
used in  the 
form of 
C u S 0 4
6 cone, o f 
C u S 0 4 
were used
(0 ,0 .5, 5, 
10 ,2 5 ,5 0  
and 100 
pm ol/1).
C e lls were 
seeded into 
3.5 mm dishes at 
20 000 cells/d ish 
in  culture media 
then divided mto 
4  groups next 
day.
Control group: 
C e lls cultured in  
growth media 
Cupper group: 
C e lls cultured in  
G M w ith C u S 0 4
C e lls in  each 
group were 
incubated for 
periods o f 
time
as indicated*.
rB M SC s were 
exposed to 
various cone, 
of C uS0 4  for 
a total of 48 h
Static
Osteo group: 
C e lls cultured in  
osteogenic M .
O steo-Cu group: 
C e lls cultured in  
O M +CuS04.
M ore than 9 5 %  o f the ce lls were 
positive for expression o f CD 29 and 
C’D90. w hile fewer than 2 %  expressed 
detectable levels o f CD 34 and CD 45.
B y  the confirm ation o f some staining 
procedures, rB M SC s readily 
differentiated mto bone, cartilage and 
fat ce lls.
Copper supplementation had no 
significant im pact at concentrations 
between 0 and 5 pmol/L, but had 
cytotoxic effects at concentrations 
above 10 pm ol/1.
A fter 3 weeks osteogenic 
differentiation, bone nodules became 
noticeable only in  the Osteo group, but 
not in  control, copper-treated and 
O steo+Cu groups.
The expressions o f R im x2, O SX . A LP . 
B M P2, O CN , O PN , C o l m  and C o l I  in  
the Osteo+Cu group were lower than 
those in  the Osteo group w hich 
suggested that the expression o f 
osteogenic differentiation-related genes 
had been downregulated by copper.
In  the Osteo+Cu group, expression of 
PPA R c2 and T W IS T  were higher 
compared to the Osteo group.
Copper suppressed osteogenic 
differentiation o f rB M SCs. W hen the 
ce lls were cultured in  osteogenic 
differentiation-inducing medium, they 
had low er expression o f osteogenesis- 
related genes, w hich m turn can 
suppress accum ulation o f collagen 
duiing the bone formation process.
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Cupper &  
C u p p e r- 
A lg inate 
Scaffolds
(C 57B L/6  
m ice) C e ll 
line









5 groups w ith 
different
concentrations of 
C’uS0 4 were 
prepared:
Grow th medium 
w ith (Im M , 100 
pM , 10  pM , &  1 
(iM  o f C u S 0 4) 
and only Growth 
m ediiun as a 
control group.
M SCs wrere 
seeded in  24 - 
w ell plates 
w ith ce ll 
density of 
lx lO 4
cells/w ell and 
cultured w ith 
the 5 different 
medias of 
C u S 0 4 soln. 
for 1, 4 and 7 
days.
Static
M SCs wrere 
seeded 
into the 
scaffolds at a 
density of 
lx lO 4 cells 
and incubated 
for 24 h.
W hen the C u  concentration is  1 111M . 
a ll cells wrere dead (red color). In  the 
contrast, M SCs m the rest groups wrere 
live  (green color) and showred a typical 
shuttle-like shape.
C u  w ith a concentration of 10 0 ,10 , and 
1 pM had negligible toxicity at a ll time 
intervals, A lso , adding 100 pM C u  
enhanced the proliferation of M SCs 
compared to the control group.
However, after chondromduction o f the 
M SCs, the 100 pM C 11 showed an 
inhibitory effect on ce ll proliferation at
day 7.
C u  could enhance M SCs chondrogenic 
differentiation b y observing the 
changes to the cytoskeletons. ”in  the 
100 and 1 pM  Cu”.
A fter 7 days o f culture, the expression 
of Sox9 wras significantly higher in  the 
100 pM Cu group compared to other 
groups. A lso , Aggrecan was h ighly 
expressed m the C u  groups compared 
to the control group.
A lso , the expression o f C o l-2 
significantly enhanced w ith the 
increase o f Cu content and the co­
culture tmie, and a rem arkably up- 
regulation o f C o l-2  expression oc curred 
in  the 100 pM  C u  group at day 14 
compared to other groups.
Sum m ary: H ie  adding o f C u  into the 
chondrogenic medium exhibited a 
positive effect on the cartilage 
differentiation o f M SCs including 
morphological change and 
chondrogenic genes lip-regulation in  
vitro.
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• In  v ivo  study showed the A lg /C u
scaffolds were better than the pure A lg  
scaffolds in  term o f the formation o f 
new cartilage tissue.











D M EM 10 % F B S For C e ll 
proliferate 
n: Cupper 
is  added in  
the form  o f 
cupper- 
histidm e 
co n v e x
C u , Fe &  Zn 





2.69, 3.80 pM ”.
0, 5 , 50 pM  C u - 
H is is  added to 
the culture 
medium for ce ll 
proliferation 
assay.
C e lls were 
cultured for 








w ith different 
cones. O f C u - 
H is.
Static • A fter 4 days, Proliferation of the cells 
decreased when cultured in  media 
containing 5 or 50 pM  Cu.
• The addition o f 5 and 50 pM  C u -H is in  
the osteogenic medium decreased the 
A L P  activity compared to the activity 
in  the absence o f copper, however, they 
pomted out that copper addition to the 
reaction m ix didn't inh ib it the 
enzymatic a ctiv ity
• The addition o f 50 pM  Copper to the 
adipogenic differentiation medium 
increased the adipogenic differentiation 




25 B M SC s
And
H D M EC

























C u 2+ contents o f 
0 .1 w t.% a n d  1 
w t.%  were 
assessed using 





divided into 3 
groups based on 
file  amount o f 
Copper:
G roup  A : for 
pure B G  
scaffolds 




G ro up  C : for 




after 2  and 4 
weeks.
Static • In  the 2D  indirect analysis, the A L P  
expression shows no significant 
difference among a ll groups, however, 
only group C -2 D  samples show 
m ultifold higher V E G F  expression 
compared to any o ilier sample. A lso, 
the osteogenic gene R U N X -2 
expression was not significantly 
different among each other.
• In  the direct 3D  analysis, S im ilar to 2D  
experiment, there is  a basal expression 
o f A L P  in  a ll ce lls without any 
difference among a ll groups. And also, 
the copper containing specimens 
displayed increased V E G F  expression.
• A lso , in  3D  analysis, C u 2+  estimated 
from a ll respective media shows 
significantly increased values in  group 
C  than group B  and increased values m 
group B  than group A  samples.
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Serum M a te ria l’s
Fo rm
M a te ria l’ s
Cone.
A p plicatio ns C onditions
C e rium 26 B M SC s
(C 57B L/6  
ce ll line)
M ice 6 to 8 - 
w eek- 
old
M ale Passage 3 
were used.
D M EM 1 0 %  
F B S , 50 
U /m L 
p e n ic illi 
n  and 50 
m g/m L 
streptom 
ycin .
N A C e C l3 at 
different 
concentrations 
were used (final 
concentrations o f 
0 ,0 .0 0 1,1 , 10 
I'M )
C e lls  were 
seeded at the 
density o f lx  104 
ce lls/w e ll in  a 
96 -w e ll plate
C e lls  were 
incubated
w ith C e C lj for 
24 hrs.
Static • The cultured B M SC s were positive 
for CD 44 (the percentage of 
positive ce lls: 9 9 .4 %) and were 
negative for hematopoietic lineage 
m arkers C D 34  (the percentage o f 
positive ce lls: 0 .7 % ).
• Ce displayed a positive effect on 
the B M SC s v ia b ility  at lower 
concentrations (0.001 pM ) and 
decreased the v ia b ility  o f B M SC s 
at higher concentrations (10  pM ) 
for 24 hours.
• A fter 7 days o f Ce treatment, the 
A L P  activ ity o f B M SC s was 
increased at concentrations o f 
0.001 pM , and decreased at 
concentrations o f 10  pM , w hich 
means that Ce promotes osteogenic 
differentiation o f B M -M SC s
• The expressions o f Runx2, Satb2 
and O C N  were sig n ificantly up- 
regulated in  the B M SC s treated 
w ith Ce (0.001 pM ) for 7 days as 
compared to control group.
• Ce (0 .001 pM ) increased the a b ility  
o f B M SC s to cross the E C M
• S D F -1 rnR N A  expression was 
higher in  B M SC s treated w ith Ce, 
but C X C R 4  m R N A  expression was 
not sig n ificantly affected w ith Ce.
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Ce displayed a slight positive effect 
on the M SC v ia b ility  at cone, of 
0.0001, 0.001, 0 .0 1, and 0 .1 mM, 
had no effect on the M SC  v ia b ility  
at a concentration o f ln iM . turned 
to decrease the v ia b ility  o f M SCs 
at cone, o f 10 and lOOmM for 1 
and 2 days, but then On day 3, Ce 
increased the v ia b ility  o f M S C s at 
cone, o f 0.0001, 0.001, 0 .0 1, 0 .1 ,1, 
and 10 mM . but decreased the 
v ia b ility  o f M SC s at a 
concentration o f 100 mM .
The v ia b ility  o f M SCs was 
decreased w ith increasing Ce 
concentrations.
A L P  activ ity o f M SCs treated by 
a ll cone, o f Ce was increased 
compared w ith that o f OS on D ay 7 
and 10, however, on day 14, Ce 
increased the A L P  activity at cone, 
o f 0.0001, 0.001, 0 .0 1,0 .1, and 1 
m M , but decreased A L P  activity at 
cone, o f 10 and lOOmM.
Ce inhibited adipogemc 
differentiation o f M SC s at a ll 
tested concentrations m w hich the 
expression o f adipogenic 
differentiation related proteins was 
down-regulated b y Ce.
Ce promoted the osteogenic 
differentiation and inhibited the 
adipogenic differentiation o f
M SCs.
* Tgfb3, T g fb l, Smad4, Bm p7, 
Bm p6 Bm p4, and Bm p2 genes 
were up-regulated when the M SCs 
were exposed to 0.0001 m M  Ce, on 
the other hand, the expression o f 
Sm urf 1, Sm urfZ, G d f7, Gdf6,
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G d f5. and G d fl5  was down- 
regulated.
• Runx2, BM P2, A L P , B SP, C o l I, 
O CN , and E R u  genes wrere 
significantly up-regulated in  the 
M SC s treated w ith C e (0.0001, 
0 .0 1, and 1 m M ) for 4 days as 
compared to O S group.





28 B M SC s Rat N A N A The fifth
passage were 
used in  a ll 
experiments.
D M EM 10 %  
F 3 S ,
100
U /m l









Cenum  oxide 
nanoparticles 
appeal- as a 
powder o f quite 
dispersed size 
distribution 
(5 -8 0  nm ), 
w ith a cubic 
crystalline 
structure, high 
purity, and a 
C e 3+ content 
o f-2 3 % .
A nd then 
diluted culture 
medium.
C e lls were 
seeded in  96- 
w ells
plate at a density 
of6,000/cm 2 
(n=6) and, after 
24 h, they 
underwent a 
treatment w ith 0, 
10 , 2 0 ,50 and 
100 p g /m lo f 
N C .
C e lls were 
incubated 
w ith N C  for 3, 
6 and 10 days 
in  expansion 
medium.
A t each tune 
point, medium 
w as replaced 
w ith 100 til of 
the fresh 
medium.
Static * N C  are not harm ful form  M SC 
viab ility' and proliferation, and a 
regular m etabolic activity lia s been 
observed on ce lls loaded with 
different N C  concentrations after 
10  days, w ith no appreciable 
differences against controls.
* The results showed a strong 
interaction between ce lls and N C , 
that are located both on the ce ll 
membrane and in  the cytoplasm .
* The antioxidant property1, o f N C  
was examined as a potential agent 
o f inhib ition o f adipogenesis m 
M SC s. ’
* The results from q R T -P C R  
indicated a significant down- 
regulation o f a ll the adipogenesis 
m arker genes in  cultures treated 
both w ith 20 pg/m l and 50 pg/rnl 
o f N C , compared w ith control 
differentiated adipocytes.
* Cerium  N P  inhib its the 





Mouse N A N a N A D M EM 5 %  
horse 
serum, 
10 %  




and the 2 0 %  
Sam arium  (Sm ) 
doped C e 0 2
C e lls were 
seeded in  48- 
w ell plates at a 
density' o f 6000 
cells/cm 2 in
The follow ing 
day o f 
culturing the 
ce lls, the 
m edium  was 
carefully
Static * Both C e 0 2 and the Sm-doped 
C e 0 2 nanoparticles are readily 
internalized by m urine neural 
progemtor ce lls and that this was 
not accompanied b y ce ll death.
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( C l 7.2 
ce ll lin e)
ghitam in
e,
10 0  u
p em cilli 









a wet chem ical 
process, and 
then suspended 
at a stock cone, 
o f 20 m g n iL
complete 
D M EM  medium .
F iv e  different 
concentrations of 
CeO ? or Sm - 
CeCb
nanoparticles 
were used in  this 
experiment (5,
10, 20 ,5 0 , 100 
(ig 'lllL )
removed, and 
the cells were 




cones. O f the 
N P. And 
incubated for 
48 In's.
* The Cerium  Nanoparticles 
inhibited the neuronal 
differentiation o f the C 17 .2  Mouse 
cells.
30 M SCs
(C 3 H /10 T  
1/2  C e ll 
line)









C N Ps w ith size 





cerium  nitrate 
as precursor.
Scaffolds w ith 
and without 







without CN Ps 
has P L L A  
concentrations 
range from  0 .1 %  
to 2 .0 %  (w /v).




) has ratio 
C N P s/P L L A  (wt. 
% )  up to 10 % .




scaffold@ CN  
Ps in  24 plate 
w ell for 1 , 7, 
and 14  days.
Each o f the 
scaffold and 
scaffold@ CN  
Ps was seeded 
w ith M SC s (5 
x 105) and 
cultured in  
vitro  for 2  h.
N A • The scaffold@ CNPs provided a 
better imeroenvironm ent for M SCs 
than the scaffold without CN Ps.
• H ie  osteogenic differentiation- 
related genes, including C o lla l, 
Ostenx2 and Runx2, and A L P  
expression o f M SCs seeded on 
scaffold and scaffold/®CN Ps 
showed no obvious difference at 14 
days, w hich im plied that the CN Ps 
have no promotion or inhib ition 
effect on the osteogenic 
differentiation o f M SCs.
• E P C s co-cultured w ith M SC s 
exhibited im proved ce ll v ia b ility , 
as the M SCs-secreted growth 
factors could support the growth o f 
EP C s.
• H ie  ce ll density o f E P C s co­
cultured w ith M SCs seeded on 
scaffold@ CN Ps was much higher 
than that o f E P C s seeded on 
scaffold
• C N Ps embedded at the scaffold and 
M SCs interface could promote the 
proliferation and in h ib it the 
apoptosis o f M SCs even though the
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nanoparticles have no effect on the 
osteogenic differentiation o f M SCs




C e O j-H A
coated











in  tins study.
D M EM 10 %  
F B S  &  
1 % P S
The
com m ercial 
ceria powder 
(CeO :) and 
hydroxyl- 
apatite powder 
(H A ) were used 
in  this study.
Tw o different 
powder m ixtures 
w ith 10 and 30 
wt %  C e 0 2 were 
prepared and 
were denoted as 
H A -lO C e  and 
H A -30 C e.
1m l o f ce ll 
suspension 
supplemented 
w ith 1 mM 
H 20 2 (0.1 m l) 
was seeded on 
the coating 
surfaces at a 
density o f 2 x 
104 ce lls/w ell
The cells 
were cultured 
for 3 and 7
days.
The ce ll 
culture 
m edium  w ith 
H 20 2 was 
changed every 
2  days.
C e lls  cultured 
on the H A  
coating 
surface 
without H2Q j 
treatment 
served as an 
control.
N A * The treatment o f B M SC s w ith 
H 20 2 sig n ificantly decreased the 
ce ll v ia b ility  when cultured on H A  
and C e 0 2-mcorporated H A  
coatings for 3 and 7 days.
* W ith respect to B M SC s treated 
w ith H 2 0 2 , the ones cultured on 
the H A -30 C e  coating exhibited the 
highest su rvival rate.
* In  vitro test revealed that the 
treatment o f B M SC s w ith 
exogenous H 20 2 significantly 
reduced the A L P  activity when 
compared to the untreated cells.
* In  th is study; we found that H 2O i 
reduced ce ll v ia b ility  and induced 
apoptosis o f B M SC s in  vitro.
* C e 0 2 incorporation in  the H A  
coatings enhanced the osteogenic 
differentiation o f H 20 2-treated 
B M SC s
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Serum M a te ria l’s
Fo rm
M a te ria l’ s
Cone.
A p plications Conditions
Strontium
C h lo rid e
32 B M -
M SCs
(C 3 H 10 T  
1/2  cells)
M urine N A N A N A ct-M EM 10 %  FB S,
lOOU/ml










chloride is  






was expressed as 
strontium 
concentration (Sr 










process o f 
C 3 H 10 T 1/2  
and M SCs 
and incubated 








Static • A t day 7, strontium at the dosage o f 
3 .0 m M  sig n ificantly mcreased 
Runx2 m R N A  expression in  both 
C 3 H 10 T 1/2  ce lls and prim ary bone 
marrow M SCs w hich indicates an 
early osteogenic differentiation.
• The m iddle-phase gene marker. B SP 
was significantly increased in  M SCs 
instead o f C 3 H 10 T 1/2  cells at day 
14  in  response to strontium 
treatment.
• O C N  gene expression wras sim ilarly  
up-regulated in  these two cells at 
day 2 1.
• Strontium  at both dosages showed 
little  effect on A L P  activity at day 7. 
Continuous treatment w ith strontium 
at 3.0 m M  for 14  days showed 
significantly mcreased the A L P
activity.
• Strontium  can promote the 
osteogenic lineage differentiation o f 
M S C s b y enhancing expression o f 
m ultiple genes regulating different 
osteogenic stages and m atnx 
maturation
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33 U m b ilical
cord
M SCs
Human N A Female First
passage
D M EM 10 % F B S  
and 1 %  
antibiotic
m ix
The ce lls were 
plated m 6 w ell 
plates at a cone. 
of 4*10* 
ceJls/em2 and 
divided into 3 
groups:
The medium 






was cultured in  
D M EM  only.
Dexamethasone 
(Dex) group was 




(Sr) group was 
cultured in  
osteogenic 
medium
containing 2 m M
strontium
chloride.
M ost o f the ce lls expressed the 
standard M SC markers such as 
C D 73 and C D  10 5, whereas they did 
not express the hematopoietic stem 
m arkers C D 34 and CD 45
The percent o f A LP -p o sitive  ce lls in 
the S r group was significantly higher 
than that in  the D ex group after 10 
days, w hich demonstrates that 
strontium  enhances the osteogenic 
differentiation o f the M SCs
The expressions o f A lp . C o lla l, and 
Opn in  the S r group were 
significantly higher than those o f the 
Dex group w hich suggest that the 
expression o f osteogenesis-related 
genes was upregulated b y strontium.
Strontium  upregulated the 
expression o f A L P , significantly 
increased the expression o f type 1 
collagen, and enhanced calcium  
deposition and bone nodules 
formation
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In  vivo Spragu 8-w eek- 18 N A N A N A C o llag eu-Sr- The 18 female Collagen, 3D / * In  the H A  group, die C T  bone
studies o f e- old Fem ale H A  Scaffold rats were evenly collagen Scaffolds density m the defect region was
rat Daw le divided into kydroxyapatit increased compared w ith diat o f the
calvarial y  rats three groups: (a) e and control group, w hile in  the Sr group.
defect control group; collagen- the bone density in  the bone defect
model and (b) H A  group; strontium - region w as increased further, and the
transplant and (c) Sr group. substituted defect region area was reduced,
ation o f kydroxyapatit compared w ith that o f the H A  group
the e were at 1 month after transplantation
scaffold transplanted 
into the • Three months after transplantation.
control, H A in  the H A  group, die area o f the
and Sr groups, bone defect region was reduced
respectively compared w ith that o f the control 
group, although the radiographic 
density m  the defect region was still 
low er compared w ith tiiat o f the 
surrounding region, w hile In  the Sr 
group, there was no significant bone 
density difference between the 
defect area and the surrounding 
region and 3D  reconstruction 
showed no evident bone defect.
* In  the H A  group, moderate collagen
I  w as observed and O PN  antibody 
was distributed evenly in  die new ly 
formed bone, and also the 
expression o f p-Catem n showed few 
signals. However, h i Sr group, 
strong collagen I  signals and O PN  
signals were observed and p-Catenm 
signals were also observed strongly.
• These results indicate that strontium
can promote the in  v ivo  bone 
formation in  the calvaria l defect
m odel, can enhance the 
accum ulation o f EC M  in  the bone 
defect, and enhance the p-Catenin 
expression in  vivo.
96
Table A.6. Strontium (cont.)
Strontium 34 BM M SCs Spragu 3 Male C e lls o f a-M EM 10 % F B S . Strontium Cone, o f C e lls were Static • SrR  treatment increased A L P
Ranelate e- months passage 3 2 m M L r ranelate strontium plated in  6- activity but decreased O D  values o f
Daw le old were used glutam ine. consisted of ranelate are w ell plates at O il red O dose-dependently.
y (S D ) for the lO O U /m L SrC h  and expressed in a density o f 5
Rats follow ing p en ic illin sodium terms o f S i" 105 ce ils/2 • SrR  decreased the proliferation.
experiment and 100 ranelate w ith (m M ) in  tins m L/w ell promoted osteoblastic but inhibited
s. |i& m L the m olar stud}1, and After adipocytic differentiation o f rat
streptomyc ratio o f 1:10 . calcium  chloride overnight BM M SCs dose-dependently during
m was used as a incubation. 2-w eek treatment.
control in  cell the medium
cultures. was replaced • The increased osteoblastic
w ith differentiation was related to




or without • The decreased adipocytic
S rR (Q .l or 
1.0  inM  S i2*)
differentiation were supported by 
the evidence o f decreased PPA Ry, 
aP 2/A LB P . and L P L
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35 h A D SC s Human 45 years Sm all PA 20 cells Ham - 10 %  FB S, N A PA 20-h5 ce lls The number Static * Adipogem c differentiation was not
ce ll line fragments at the 3rd F 12 1 % P S , and were seeded in o f ce lls was observed in  the PA 20-h5 line at tim e
of passage Coon’s 1 ng/m L 100 mm evaluated at 0, 0 (days), w hile after 35 days of
(PA20) subcutane were used. m odifies basic diameter dishes 3 ,6, 1 0 ,13 , adipogenic induction some cells
ous tion fibroblast at a cone, o f and 16 days showed intracellular vacuoles
adipose medium growth 20,000 cells/dish containing drops o f lip id s o f variable
tissue factor and cultured for shape and size
biopsy (bFG F) 3 days.
from was • PA 20-h5 line d id  not show A L P
Female composed Then the Culture activity at time 0 (days), w hile
m edium  was culture in  the OM  up to 35 days
replaced w ith induced an increase m  the number o f
OM  without 
osteogenic




cone, o f Sr2": 5, 
5 0 ,10 0 , 200, and 
400 |UM.
• Absence o f sig n ific ant variations of 
A L P , R U N X 2, and D K K 1 gene 
expression m  cells cultured in  G M  
containing 100 //M  Sr2+  compared 
to those cultivated only in  GM .
« A t 100 gM  —400 concentrations, 
Sr2+ significantly stim ulated A L P  
production in  the PA 20-h5cells, 
from 14  to 35 days, w ith m axim al 
response being observed at 2 1 days 
w ith 400/iM  Sr2+.
* A t low er and higher concentrations 
S r + had no sigm ficate effect on ce ll 
proliferation.
* In  vitro S r + ion treatment o f
hA D SC s enhances ce ll proliferation 
and osteogenic differentiation 
through expression o f early and late 
osteoblastic biom arkers such as A L P
and H A
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70 -8 0 %
confluence














in , and 100 
U /m L 
p en ic illin
N A The effect o f SrR  
on the osteogenic 
differentiation o f 
h A SC s was 
studied using: 
S r(0 ,25,10 0 , 
250, 500, 1,000, 
1500, and 2000 
pM ) m 
osteogenic 
m edium  (O M ).
C e lls were 








o f SrR  and 
incubated for 
23 days.
Static • A L P  activity was significantly 
elevated on days 10  and 14  as 
indicated b y A L P  staining and 
quantitative assays.
• A L P  activity was suppressed at 25, 
100, and 250 pM and was enhanced 
at 500 pM after 4, 7, and 14 days
• The expression o f R U N X 2 was 
significantly reduced at 2 5 ,100, and 
250 pM  SrRan, and elevated at 500 
pM  w hile the expression o f C O L -I 
and O C N  was slig h tly  upregulated at 
25 pM and was significantly 
suppressed at 10 0 ,250, and 500 pM.
• E a rly  osteogenic marker expression 
and A L P  activity was increased at 
500 pM  SrR , but it augmented late 
osteogenic gene expression and 
increased calcium  deposition at 25 
pM
• Low -dose SrR  enhances liA S C  
osteogenic differentiation and higher 
doses causes liA S C  apoptosis v ia  






(S rH A )
37 A D M SC s Sheep
(m
Vitro )
N A N A Passage 3 




D M EM 10 % F B S  
and 1 %  
antibiotics











SrH A  and H A  
disc scaffolds (5 
mm x 2  mm) and 
cylin d rica l 
im plants (12  mm 
x 4 mm) were 
m anually 
trimmed.
A D M SC s 
(1x 10 4 ) were 
seeded on 
H A , SrH A  
scaffolds and 







scaffolds -  
cH A  and 
cSrH A
2D • Cultured sA D M SCs showed the 
a b ility  for the osteogenic and 
adipogenic differentiation by 
showing reddish brown calcium  
depositions and bright red o il 
globules.
• L iv e  dead staining confirm ed that 
sA D M SCs attached on H A  and 
SrH A  scaffolds were viable even 
after seven days o f culture and no 
dead cells.
• SrH A  scaffolds exhibited an A L P  
activity c omparable to that of the 
control scaffold w hich means that it
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enhances the osteogenic 















in  the 
experiment 
w hile 2 
served as a 
control
Linear in cisio n  was 
made on die distal one 
tim'd o f the lateral thigh 
in  the O V X  group, 
large cortical bone 
defect o f size 12  mm * 
4 mm and a press fit 
method has been 
adopted for the 
im plantation o f T E  
scaffolds.
A llo g enic sA D M SCs (1 x 104) 
were seeded on cylin d rica l H A  
and SrH A  scaffolds and 
m aintained in  osteogenic 
induction medium for 7 days to 
fabricate T E  im plants.
3D • A ll anim als survived the 
im plantation procedures and healing 
was uneventful, also there were no 
fibrous tissue or inflam m ation at the 
defect site, post 2  months of 
implantation.
• A  significant increase m de novo 
bone formation was evident m the 
cSrH A  im planted group (F ig . 6e) 
since they exhibited the highest R E  
ratio.
• D ensity histograms o f H A  and cH A  
im planted group indicated that bone 
density at toe bone-m iplant 
interfaces was low  compared to that 
o f host bone, whereas m SrH A  and 
cSrH A  implanted group a 
com paratively improved bone 
density was evident, indicative of 
the significance o f Sr incorporation 
m osteointegration
• Strontium  and osteogem cally 
induced A D M S C s at the unplant site 
facilitated im proved osteogenesis 
and osteointegration towards 
osteoporotic bone healing.
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Strontium  
C a lciu m  
Phosphate 
(S rC a P 0 4 ) 
and H A  
scaffolds




ct-M EM 10 % F B S  
and 200 
U m l-1 of 
p en ic illin  
and 200 
U m l-1 o f 
streptomyc 
in
A n m -liouse 
prepared 
SrCaP04 
was used for 
the study. 
H A  powder 
was
synthesized 




ceram ics (5 mm 
diameter &  5 
nun thickness 
discs)— H A  and 
SrCaPCM  were 
loaded w ith cells 
Ix lO 5 ce lls per 
scaffold
C e lls were 
incubated in  
the scaffolds 
for 2 and 4 
weeks and the 
media was 
changed tw ice 
a week.
Static * The R A D M SC s were analyzed by 
fluorescence activated ce ll sorting 
(F A C S  A ria) and showed positive 
expression o f adhesion molecules 
C D 10 5  and receptor m olecule CD44
• The osteogenic differentiation (A LP  
activity) was found to be more 
prominent on SrCaPCM  than H A .
* The presence o f incorporated 
strontium  has favored the 
differentiation and proliferation o f 
osteoblast ce lls unlike H A  and 
w ould easily assist in  bio im aging
• In  vitro studies suggested SrCaPCM 
as a better bone substrate than H A  
for further in  v ivo  applications.
Stro ntium - 
Doped N ano­
P articles 
(B G N P sSr)









D iscs o f both 
B G N Ps and 
B G N PsSr, with 
an approximate 
w eight o f 100 






The tests were 
carried out for 
1 ,3 , and 7 
days.
h A SC s were 
cultured w ith 
BG N Ps 
dispersed in  
the medium 




N A • The combination o f biom atenals 
w ith stem ce lls has demonstrated to 
im prove bone healing.
• The nanoparticles influenced the 
expression levels o f R U N X 2 in  the 
in itia l culture periods, in  w hich a 
significant upregulation o f R U N X 2 
occurred at 7  days for a ll culture 
media
• The expression o f type I  collagen, 
O C N , SP P1 and C O L 1A 1 are 
expressed in  the first periods and 
downregulated in  the succeeding 
osteoblast differentiation, being 
necessary for tire progress o f the 
bone ce ll phenotype
• h A S C s kept their v ia b ility  levels in  
the presence o f both nanoparticles in  
comparison w ith ce lls not exposed 
to the particles.
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Serum M a te ria l’s
Fo rm
M a te ria l’s
C'onc.













N A Passage 3 
were used
ct- M EM 2 0 %

















w ith growth 
media
The ce lls were 
treated w ith the 
vehicle control 
(diluted ethanol 
without SM ) or 
w ith SM  at final 
concentrations o f 
1 pM  (ICO , 10 
pM  (IC 5), 20 pM 
0 C 10) or 40 pM 
(IC 25) SM  under 
a fume hood.
A t 8 ,24 and 
48 h  or 5 days 
after exposure 
to SM , cells 






D N A  adduct 
experiments, 
ce lls wrere 
used 5 m in to 





• W hen cells stained w ith D A P I to 
determine the strongest cytotoxic 
effect o f SM  w hich is  induced by 
its alkylation o f the D N A . a plateau 
o f m axim um  fluorescence intensity 
was reached after 1 h  of 100 pM 
SM  incubation. That plateau stayed 
for about 4 h and decreased 
afterwards. A lready 5 m in after 
exposure the c e lls showed a mean 
fluorescence o f 32.7 ±  4 .1 %  
compared to the value 1 h after 
exposure.
• C e lls  were incubated for 48 h with 
and without SM  m different 
sublethal concentrations ( IC 1 - 
IC 2 5 ). In  absence o f SM , 37.0 ±
1 .2 %  o f a ll ce lls were positive for 
K i-6 7  w ithin the nucleus w lhcli 
means these are proliferative ce lls. 
W ith increasing concentration o f 
SM . the number o f K i-6 7  positive 
nucleus deceased to 0.8 ± 0 .1 %  at 
IC 2 5  (40 pM ).
• N o significant changes were 
observed w ith regard to cleaved 
Caspase-8, PA R P, p85 and A IF  
under exposure w ith a ll tested SM  
concentrations.
• In  the absence o f SM , the M SC 
demonstrate nearly no senescence. 
Starting w ith exposure to low  
concentrations IC 1  the number o f 
senescent ce lls starts to increase. 
U sing a SM  concentration o f 40
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pM  (IC 25), most o f tire M SC 
demonstrate a senescence typical 
expression o f B-galactosidase.
* A sa  sum m ary, SM  alkylates the 
D N A  o f the M SC . However, a 
large amount o f D N A  alkylation 
does not necessarily lead to 
apoptosis. Rather, the M SC  is  able 
to reduce and repair D N A  damage.









N A C e lls  were 
used until 
passage 3.
a - M EM 2 0 %  
P C S , 











SM  was 
purchased from 
as an 8 M  stock 
solution o f SM  
in  10 0 %  
ethanol.
The cells were 
either treated 
w ith the vehicle 
control (diluted 
ethanol without 
SM ) or exposed 
w ith SM  at 
concentrations o f 
1 1M , 10  1M , 20 
1M , and 4 0 1M 
under a fume 
hood were 
mcubated for 1 
h.








five days. A  
wide range o f 
SM
concentration 




from 1 %  to 
5 0 %  (IC 1-IC 5 0 X  
HaC’at ce ll
C e lls  were
mcubated











* In  relation to H aCat ce lls the 
cultured M SC  are able to tolerate a 
more than 40-fold increased 
concentration to reach the 
inhibitory concentration o f 5 0 % .
* U sing the lowest inhibitory 
concentration IC 1  ( 1 1M ) the 
number o f m igrated cells decreased 
h ig hly significant to 5 4 %  w hile 
increasing SM  concentrations the 
m igratory activity rem ained stable 
at about 5 0 %  (EC5: 5 4 % , IC 10 : 
5 0 % , IC 2 5 : 4 8 % ).
* C alcificatio n  was observed under 
control conditions as w ell as under 
a ll tested SM  concentrations w hich 
indicates the ability' for osteogenic 
differentiation.
* Adipocyte differentiation o f M SC 
can be demonstrated, in  w hich 
M SC  transformed into adipocytes 
w ith large fat vacuoles and this 
process was not affected b y SM  
exposure in  a ll tested 
concentrations.
* Under a ll tested conditions M SC 
were able to differentiate into 
functional active chondrocytes
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culture was used 
as a reference 
c e l lin e.
• M S C  after neuronal differentiation 
did show' the classical morphology 
for neurons. Th is m orphology was 
not affected if  the ce lls wrere 
incubated w ith SM  before 
differentiation was induced.
• A s a sum m ary: The presented 
results demonstrate a high 
tolerance o f M S C  against sulfur 
mustard (SM ). W ith a 5 0 %  
inhib itory concentration (IC5Q ) o f 
about 70 IM  M S C  are able to 
tolerate the 40-fold concentration 
compared w ith Ha Cat ce lls.
•









N A C e lls were 
used un til 
passage 3.
a - M EM 2 0 %
F C S ,











SM  was made 
purchased as 





SM  were 
diluted in 
growth media.
The c e lls were 
treated w ith the 
vehicle control 
(diluted ethanol 
without SM ) 
or w ith SM  at 
fin al
c oncentrations o f 
1 pM  (IQ ), 10 
pM  (IC 5), 70 pM 
(IC 50), and 570 
pM  (ICgo) under 
a fiim e hood
Norm al
conditions
• The secretion profile o f M SC  
incubated for 8 h  w ith SM  was 
compared to Hie secretion profile o f 
M S C  cultured in  absence o f SM , 
concentrations 5 0 %  and 9 0 %
(IC 50 , IC90) were used, 49 out o f 
275 cytokines showed a significant 
changed expression under at least 
one of the used conditions.
• Strongest decrease show'ed V E G F - 
A  (-1.8 -fo ld ), G R O -a (-1.3 -fo ld ) 
and A R E G  ( -1 .2 -fo ld) w ithin the 
IC 9 0  test w hile highest increases 
were obtained for G C P -2  (0 .5- 
fold), L A P  (0.2-fold) and TSH -beta 
(0.2-fold)
• 1 1 o f die cytokines for w hich a 
significant change was observed 
among SM  exposure had been 
described in  the literature as 
cytokines w hich directly or 
indirectly influence the m igration 
o fM S C .
• In  absence o f SM  the addition o f 
the cytokine b FG F led to an 
increase in  m igratory activity of 
w hile that level remained
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• The effect o f T IM P -2 was not 
uniform  W hereas the activity 
under IC 5 0  and the control wras 
slig h tly  decreased, the m igration 
was increased at IC 5  and IC 9 0  but 
rem ained unchanged at IC 1 .
• V E G F  led to a constant and 
significant increase o f more than 
2 0 %  except IC 5 0  where the 
activ ity rem ained unchanged.
• Iu  sum m ary, the secretome of 
M SC  changes significantly under 
the influence o f SM . There is  a 
reduced secretion o f factors that are 
necessary for M SC m igration and 
increased m igration o f M S C  can be 
caused b y various cytokines.
43 A D -
M SCs
Human N A M ale Passage 3 
were used
M EM 10 %
FB S
The studies are 
made on an 
SM -exposed 
male patient 
w inch had a 
documented 
encounter with 
SM  during the 
Iran-Iraq  war.
O ur patient 
received 
10 0 x 10 ® 
cells every 20 
days for a total 
o f 4 injections 
w ithin a 2-m onth 
period.
H e was screened 






M S C s were 
injected 
intravenously 
along w ith 
300 m l norm al 
saline at a 
m axim um  rate o f 
2x 10 s
cells, minutes
W e evaluated the efficacy of 
the injections in  the patient 
according to the follow ing 
parameters:
Pulm onary function 
tests (P FTs) [F E V 1; forced 
v ita l capacity (F V C ), 
F E V 1/F V C ],
total lung capacity' (T L C ) b y 
body
plethysmography, single­
breath carbon monoxide 
diffusing capacity (CO  
diffusion),
exercise performance [6- 
m inute wralk  test (6M W T)] 
(24),
Borg Scale Dyspnea 
Assessm ent (B SD A ) (25), 
C O P D  Assessm ent Test 
(C A T ),
St. George’s Respiratory 
Questionnaire (SG R Q ) (26),
* C D  markers (C D 73, CD90,
C D 10 5 , and CD 44) demonstrated 
that the cultured ce lls were indeed 
A D M SC s
* Kaiyotyping showed that the 
M SC s were norm al and could be 
used for the injections.
* There were no statistically 
significant differences observed in  
P FTs (F E V 1, F V C , and 
F E V 1/F V C  % )  for 9 months, 
however there were an im prove 
after the 2ad injection.
* The results indicated a reduced 
volum e for d iffusing capacity' or 
transfer factor (IL c o ) o f the lung 
for caibon monoxide and also there 
was no significant difference in  
T L C , residual volum e (R V ) and 
maximum expiratory flow  (M EF) 
after the injections
107
Table A.7. Sulfer (cont.)
and a comprehensive safety 
evaluation
• System ic adm inistration o f 
m ultiple doses o f M SC s appears to 
be safe and im prove 6M W T, C A T , 
SG R Q , V A S , and B S D A  scores in  
















Serum M a te ria l’s
Form
M a te ria l’s
Cone.
A p plications C onditions
S ilico n  Ions 
in  {C alciu m  
Silicate )










Human N A N A H B M SC s
and
H U V E C s 
used in  
the study 





10 % F B S  
&  1 %  PS
C S  powders 
were
prepared by 
a chem ical 
co­
precipitation 





using C S  
powders 




in  ce ll 
culture 
medium.
C S  extracts 
were diluted w ith 
D M EM  b y a 
senes o f gradient 
dilution
at the ratios from 
1 to 1/256
The S i-io n  
concentration 
used for this 
experiment was 
determined first 
w ith C S  extracts 
in  the
concentration 
range from 1.75  
to 14  pg m L -1
H B M SC s and 
H U V E C s 
were seeded 
m  96-w ell 
plates at 1 x 
103 ce lls per 
w ell for 24 h. 
Then, cells 
were treated 
w ith media 






* A t dilution ratios from 1/4  to 1/256 
(S i-io n  concentration: 0 .5 -29 .27  gg 
m L -1) , C S  extracts showed no 
cytotoxicity for both H B M SC s and 
H U V E C s, but C S  extracts without 
dilution (C S 1) showed a certain 
degree o f cytotoxicity for both type 
o f the cells.
* The C S  extracts diluted from  1/2  to 
1/12 8  (S i-io n  concentration: 0.95­
59.57 gg m L -1 )  significantly 
stim ulated H B M SC  proliferation on 
day 7.
* A t the dilution range from  1/8  to 
1/256 , S i ions regulate the ce ll 
proliferation, and the bioactive S i- 
ion concentration for the stim ulation 
o f H B M SC  proliferation is  in  the 
range between 0.95 and 59.57 pg 
m L—1, and that for the stim ulation of
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H U V E C  proliferation is in  the range 
o f 0.9 5-3.67 pg m L -1 , w hich is  
much narrow than that for H B M SCs.
* The adipogemc differentiation o f 
H B M SC s was enhanced when 
cultured in  osteogenic media w ith S i 
1011s as compared w ith ce lls only 
cultured in  adipogemc medium 
without S i ions, however under 
norm al growth condition without 
adipogemc differentiation inducer,
S i ions could not stim ulate lip id  
accum ulation o f H B M SCs
* S i ions were observed to upregulate 
the gene expression o f FPA R y, 
C /E B P a. FA B P4, leptin, and 
adiponectm in  adipogemc medium, 
w hich indicated that S i ions do 
promote adipogemc differentiation 
o fH B M SC s.
* However, in  norm al growth 
medium , no upregulation of 
adipogemc gene expression was 
observed both w ith and without S i 
ions, suggesting that S i ions are not 
an inducer, and rattier an enhancer o f 
the adipogenic differentiation of 
H B M SCs.
* The addition o f S i ions m  the 
coculture medium o f H B M S C - 
deiived adipocytes and H U V E C s 
rem arkably stim ulated the cap illary­
lik e  network formation, w hich 
indicated that S i ions enhanced 
angiogenesis o f the cocultured cells.
* The results also show ed that S i ions 
also promoted V E G F  secretion o f 
monocultured adipocytes and 
H U V E C s as compared to ce lls 
cultured without S i ions, and also
_____ showed significantly higher increase
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in  secretion in  cocultured ce lls in  the 
presence o f S i ions as compared to 
monocultured cells.
• S i ions sig n ificantly stim ulated lip id  
accum ulation and adiponectin 
secretion of cocultured adipocyte.
• S i ions enhanced the formation o f 
adipose-like tissue in  hydrogels w ith 
both m ono- and cocultured 
adipocytes, and coculture group 
showed lusher adipose tissue 
formation than monoculture group.
C a lciu m  
S ilica te  and 
Strontium  
C a lciu m  
S ilica te  
<CS &  S r - 
C S)




s je lly  
M SCs)
Human N A N A N A D M EM 10 %  FB S,




in , 10 -8 M
dexametha
sone,










oxide, S ilica  
and
Strontium 






m aterials and 
were





hW JM SCs 
cultured on 
different cements 
for a different 
period o f time.
Norm al
conditions
* The quantitative analysis showred 
that the v ia b ility  o f hW JM SCs 
cultured on SrlO  was significantly 
higher (p <  0.05) than that on SrO 
(1.14  fold) and Sr5 (1.10  fold) 
groups after 24 h culture
* The A L P  activity o f hW JM SCs 
cultured on S r-C S  cement wras 
m arkedly up-regulated after 3 and 7 
days
* S r-C S  cements m ay possess higher 
activity in  up-regulatm g osteogenic 
differentiation o f hW JM SCs than the 
C S  cement.
* The S r-C S  possesses enhanced 
degradability in  compared w ith the 
C S  cements.
* The ionic products o f the S r-C  S 
possess the a b ility  to stim ulate the 
proliferation, osteogenic 
differentiation, and m ineralization o f
hW JM SCs.
o
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m edium  for 
48 hours
C e lls  were cultured in  a 96-w ell 
plate
at 3 7 °C  in  a 5%  C 0 2  
atmosphere for 1 ,3 . and 5 days at 
a density o f 3,000 cells/w ell w ith 
D M EM  (w ith 1 %  fetal bovine 




• S ilic a  N Ps increased cell 
proliferation significantly, but silica  
M Ps showed no stim ulation o f cell 
proliferation., even at day 5.
• A n alysis o f apoptotic cells b y 
Annexin V  staining confirmed that 
hA D SC s exposed to s ilica  M Ps 
undergo apoptosis (6 .4 9 %) m  a 1 %  
serum medium , howrever, s ilic a  N Ps 
had no effect on apoptosis.
• The s ilica  N P medium increased the 
phosphorylation o f E R K 1/2  after 10 
m inutes, it has no effect on p38 
phosphorylation, however, silica  M P 
m edium  showed increased levels o f 
the phosphorylated form o f p38.
47 BM
M SCs
Human N A N A Fifth, passage 
were used






in  (100 ’ 
Hg/mL) 
and
p en ic illin
(100
U /m L)
(S i0 2)72  
cluster was 
designed and 
used as a 
model o f 
S i0 2  N Ps
In  order to 
compare the 
effect of 
s ilic a  and 
silico n  
clusters, a 
Si20  cluster 
as a model o f 




98W  suite o f 
program.
C e ll therapy b y 
catalase (C A T ) 
sample w ith a 
cone, of 2 pM  
wras titrated with 
different cone, of 
S i0 2 N P s ( 1 ,5, 
10 , 15 and 20 
pM ) at 298, 310  
and 315  K
Different 
concentration 
s o f S i0 2  N Ps 
( 1 , 10 ,5 0 ,
100 and 200 
pg/m L) were 
added to the 





• M T T  data indicated a negligible 
cytotoxicity o f S i0 2  N Ps against 
hM SCs up to 100 pg/m L. However, 
increasing the concentration o f S i0 2  
N Ps to 200 pg/m L were toxic to the 
cells.
• A fter 24 hrs incubation o f hM SCs 
w ith S i0 2  N Ps, L D H  assay 
demonstrated a very low  level o f 
to x icity for a ll S i0 2  N Ps 
concentrations.
• hM SCs ce lls exposed to different 
concentrations o f S iQ 2 N Ps (1 , 10, 
50, 100 and 200 pg/m L) for 24 hrs 
also revealed a significant increase 
in  the production of R O S only at 












The rats were bred 
and m aintained 
under a 12 /12  hr. 
light/dark cycle 
w ith free access to 
food and water. The 
temperature was 
mamtained at 
18 -2 5 °C , and the 
relative hum idity 
was set to 4 0 -6 0 % .
B M SC s
from
passages 3—4 




D M EM /
F 12
10 %  FB S 
and 1 %  








they used the 
Se quantum 
dots to form 
a solid  
Se@ Si02 
nanocomposi 
te w hich was 
then coated 
w ith p o ly- 
v in y lp yiro lid  
one (P VP) 
and etched in  






B M SC s were 
seeded at a 
density o f 
1x 10 4  ce lls per 
w ell in  a flat- 
bottomed 96- 
w e ll plate for 24 
hrs at 3 7 °C  w ith 
5 %  C 0 2 . After 
24 hrs, the cells 
were incubated 
w ith an 
increasing 




(ranging from 0 
to 180 pg/m L)










m  serum-free 














o f 80 pg/m L
The results showed that the cell 
v ia b ility  did not decrease 
significantly compared to the cell 
v ia b ility  o f the blank group until the 
concentration reached 160 pg/m L.
The results demonstrated that the 
porous Se@ Si02 nanocomposite 
promoted BM SCs m igration 
compared to that in  die blank group.
The gene expression o f S D F -1 and 
CX CR .4 m the Se@ Si02 group was 
increased compared to that in  die 
blank group, suggesting tiiat the 
porous Se@ Si02 nanocomposite 
m ay promote B M SC s m igration 
through die S D F -1/C X C R 4  
signaling pathway.
Treatment w ith the porous Se@ Si02 
nanocomposite decreased the level 
o f intracellular R O S more evidently 
at 160 pg/m L than at 80 pg/m L.
The porous Se@ Si02 
nanocomposite increased A L P  
activity in  die Se@ Si02 group and 
the H 20 2+Se@ Si0 2 group 
compared w ith that in  the blank 
group and die H 2 0 2 group.
The porous Se@ Si02 
nanocomposite promoted die 
expression o f Runx2, O C N , BM P-2 
and Sm ad-1 using R T -P C R  and 
protected the expression ofRunx2, 
O C N , B M P -2 and Sm ad-1 against 
H 20 2-ind u ced  inhib ition, suggestmg 
that the porous Se@ Si02 
nanocomposite promotes osteogenic 
differentiation o f B M SC s.
112
Table A.8. Silicon (cont.)
S ilico n  
C arb id e  N Ps 
com bine w ith 
N a n o H A  
coated 
Anodized 
T itan iu m




M ale N A N A N A S iC  N P  (1 g /L) were added to the 
titanium  electrolyte. The 
electrochem ical deposition 
procedure wras completed at 27 
°C  for 60 nun n i the electrolyte 
w ith a firm  voltage o f 2 V .
The pure H A  coating was also 
fabricated b y the same process yet 
without S iC  
sources.
Rodent osteoblast ce ll was a 
culture at 3 x 10Vcm 2 
on T i0 2 , HA-coated T i0 2 , 
and SiC@ H A-coated T i0 2  
im plant (In V itro )
Rodents were 
arb itrarily allocated to be 
embedded w ith T i0 2 . H A - 
coated T i0 2  or 
SiC@ H A-coated T iQ 2. (In 
V ivo )
• The ce ll v ia b ility  in  SiC@ H A  
gathering was higher than H A , 
w hich was a lot higher than the T iO  
bunch at various tim es focuses.
• C a2+  deposition m the E C M  and 
c e ll osteoc alcin  generation were 
fundam entally higher in  the 
SiC @ H A  sample follow ing a month, 
showing that SiC @ H A  advances 
osteogenic separation.
• A t about two months after the 
m edical procedure (h i V ivo ), the 
bone region proportion (B RP) and 
bone-embed contact (B E C ) were 
essentially higher around SiC@ H A  
inserts.
• A t both a month and two months, 
the proportion o f hard tissue volum e 
to add up to volum e, mean 
trabecular number, and mean 
trabecular thickness were 
fundam entally higher in  SiC @ H A - 
covered inserts, proposing 
quickened healthy osteoblast in  the 
locale o f intrigue
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Serum M a te ria l’s
Form
M a te ria l’ s
Cone.
A p plications Conditions
Trab ecular
T itau iu m
Scaffolds








Human N A N A C e lls were 
cultured 




ce lls were 
trypsm ized 
and lx lO 5 











F 1 2 -
H A M
1 0 %  F B S , 
100 U  











ce ll structure 
mutating the 
ce ll structure 
o f the 
trabecular 













diameter o f the 
ce ll pores used in  
the scaffolds is  
640 pm, the 
structure has an 
average
porosity o f 6 5 % . 
The scaffolds 
(T i) used have a 
height o f 6 mm 
and a diameter o f 
12  m m
A t
confluence, 







a drop o f 50 
p L containing 
1x 10 s ce lls 
was placed on 
the top o f the 
scaffolds 
w hich 
were plac ed 
m  12  w ells, 
then allowed 




hA SC s seeded 
on monolayer 
were cultured 
in  three 
different 
media: G M , 
OM , and CM , 
that is  the G M  
collected from 
the ce lls/T T  
scaffold 
construct w ell
Static * h A SC s were positive for CD90, 
C D 73, and C D 10 5 surface antigens 
and negative for C D 34 and CD45 
m olecules.
* h A SC s grown on T i scaffolds 
successfully differentiated down the 
osteogenic lineage and expressed 
high levels o f the bone marker A P in  
the presence o f osteogenic medium
* The expression o f type I  collagen in  
h A SC s subjected to osteogenic 
induction was higher at day 2 1 and 
decreased at day 28, w hile the 
expression o f osteopontin and 
osteocalcin m R N A  o f h A SC s grown 
in  osteogenic medium w as observed 
to increase from 2 1 to 28 days of 
culture.
* The expression o f A L P  and R unx-2 
o f h A SC s grown on T T  scaffolds 
and T i plates in  the presence of 
osteogenic factors (O M ) was 
significantly higher than that o f the 
same cells cultured on T i plates in  
the G M , both at 7 and 2 1 days of 
differentiation.
* The protein deposition enhancement 
was particularly marked for alkaline 
phosphatase, type I  collagen, 
decorin, and osteopontin when 
compared w ith the scaffold cultured 
w ith undifferentiated stem cells.
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• In  th is study, the a b ility  o f the 
h A SC s to proliferate and 
differentiate into osteoblast-like 
cells and to produce a m ineralized 
m atrix when cultured on trabecular 
titanium  scaffolds was investigated.
T itan iu m
P articles
“ Subm icron 
com m ercially 
pure 
titanium  
(cp T i) 
p article s”












2 -3  weeks 
(until 7 5 %  
confluence) 
prior to use.
D M EM /
F I2
medium
10 %  FB S, 
lO O U /m l 












(IV ) oxide 
(ZrOO 
particles.
Particle sizes o f 
0.939 ±0.38 0  
and 0.876 ±  
0.540 pm for 
cp T i and Z rO j.
C e lls were 
incubated 
w ith
D M E M T 12 / 
10 %  F B S  
containing 
Z rO : or cp Ti 




N A • A fter 12  days o f treatment w ith OS 
m edium , B M -M SC s showed 
differentiating into an osteoblastic 
ce ll type, exhibiting increased gene 
expression o f osteoblast markers 
A P , O C , and B SP.
• C o l IA 2  c lR N A  was expressed in  
both treated and control, but 
treatment w ith OS medium resulted 
in  elevated collagen type I  protein 
production.
• B SP  production by OS-treated ce lls 
was not affected at low  or moderate 
particle concentrations (50 and 500 
particles/cell), w hile exposure to a 
higher particle concentration (5000 
particles/cell) severely decreased 
B SP  production.
• Exposure to subm icron cp Ti 
particles for 12  days suppressed the 
ab ility  o f liM S C s to differentiate 
mto a functional osteoblastic 
phenotype, indicated b y the 
decreased level o f B S P  gene 
expression as w ell as reduced B SP  
and collagen type I  protein 
production, compared to non­
particulate loaded OS-treated cells.
• The exposure o f OS-treated ce lls to 
both particle types resulted in  
decreased ce ll numbers throughout 
the entire treatment period, with 
cpTi-loaded cultures exhibiting 
low er ce ll numbers than cells
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cultured w ith ZrO z at D ays 6, 9, and 
12 .
Pure 
T itan iu m  
d isk  and 
Nanotube 
T itan iu m  
d isk






A D S C s
Human N A N A N A a-M EM
culture
medium







lO O U /m l




D isks o f 
com m ercial! 
y  pure grade- 






The disks have 
diameter o f 30 
mm w ith a 
thickness o f 0.5 
mm, and were 
arranged to show 
an active area o f 
3.8 cm2
A D S C s and 
D P S C s were 
cultivated on 
two type of 
surface N T D  
and T D
A D S C s and 




and seeded on 




Static * A D S C s cultivated on N T D  showed 
the up-regulation o f bone-related 
genes F O S L 1, R U N X 2, C O L 1A 1, 
E N G  and the down-regulation of 
SP7, A L P L  and SPP1 w hile 
expression o f C O L 3 A 1 was the 
same in  both ce lls (cultivated on 
N T D  and TD )
* A D S C s cultivated on N T D  after 3 0 
days o f treatment, the bone-related 
genes F O S L 1, C O L 3 A 1, C O L 1A 1, 
A L P L  and SPP1 were up-regulated, 
w hile SP7, E N G  and R U N X 2 were 
down-regulated
* A fter 15 days, D P S C s cultivated on 
N T D  showed tlie up-regulation o f 
F O S L 1 and SP P1 and the down- 
regulation o f SP7, E N G , R U N X 2, 
C O L 3 A 1 C O L 1A 1 and A L P L .
* N T D  surface is  more osteo-mduced 
surface compared to T D , promoting 
the differentiation o f mesenchymal 
stem ce lls m osteoblasts.
* Stem ce lls cultivated on uanotube 
titanium  disks showed the 
upregulation o f bone-related genes 
R U N X 2, F O S L 1 and SP P 1. ~
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Titan iu m  
F ib e r M esh 
“T F M ”












M ale After 
reaching 
confLuency, 




D M EM 2 0 %  FB S 
&  10,000 
um ts/m L 












50 pm  fiber 
diameter 
were used as 
scaffold.
Prepared 
titanium  fiber 
d iscs wrere 
shaped w ith a 5 
mm diameter and 
1.5  mm 
thickness.
D F A T  cells 
seeded 
into the TFM  
were cultured 
in  osteogenic 
medium for 
14  days. 
M edium  was 
exchanged 
biw eekly
N A • D F A T  cells proliferated in  the TFM  
because numerous wrell-spread cells 
were found around titanium  fibers 
and appeared to increase in  number 
from  day 3 to 7 in  SEM  analysis.
• D F A T  cells differentiated into 
osteoblasts in  TFM  because 
osteocalcin and calcium  as late and 
term inal stage markers o f osteoblast 
differentiation, respectively, 
increased rem arkably on day 14.
T itan iu m
D isk





Human N A N A The cells 
from passage 
4 were used 
for in  vitro 
experiments.
Culture m edia (P T - 
3001, Lonza)
Com m erciall 
y  pure T i 




(grade 2 ; 8 
mm<j> x 1 
mm thick, 
referred to as 
M irror) were 
used m  the 
experiments.
Adhesion and 
differentiation o f 
hM SCs on T i 
surfaces with 
m icron, nano, 
and
m icro/nanoliybn 






hM SCs were 
seeded on the T i 
specimens at a 
density o f 5000 















d iff. was 
induced when 
ce lls reached 
10 0 %  
confluence 
PT-3003 





m edium  for 
chondrogemc 
differentiation 
A ll were 
replaced 
every 3 days.
N A • The m icron-scale topography is  
beneficial for ce ll anchoring, w hile 
the nanometer-scale topography is  
beneficial for ce ll locomotion on the 
substrate.
• The m icro/nanokybnd grid 
topography strongly promoted ce ll 
adhesion.
• T i surfaces w ith designed grid 
topographies modulated 
m ultilineage differentiation, w ith 
osteogenic differentiation being 
strongly promoted b y the nanogrid 
topography.
• A fter 3D  differentiation induction, a 
sim ilar expression level was 
detected b y hM SCs cultured on both 
M irror and M icron for adipogenic 
and chondrogemc differentiation.
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T itan iu m
N anopores
56 BM SCs Human The experiments 
were repeated 




patients o f different 
age, sex and origin.
N A a-M EM 10 % F C S , 




pg/m L of 
streptomy 




p en ic illin
Titanium  
surfaces w ith 
nanopores 
30, 150 
and 300 m il 








coated w ith a 
thin titanium  
layer
were abbreviated 
T i and used as 
controls.
The membranes 
w ith nanopores 
coated w ith 
titanium  were 
named T i3 0 , 
T il5 0  and Ti300.
3 samples/ 
group







Ti3Q , T il 50 
and Ti300 
membrane 
discs were put 
into 12 - 
w ell dishes, 
and then 500 
p L ce ll 
suspensions 
were poured 
in  each w ell.
Static
C e lls were 
cultured on to 
the different 
substrates 
for 2 and 4h, 
and 1 , 6 ,12 , 
18 and 2 1 d.
Osteogenic differentiation o f liM SC s 
cultured on nanostructured T i (T i 
nano) wTas investigated after 6 ,12  
and 2 1 d o f culture.
hM SCs exhibited as early as day 1 a 
more branched ce ll morphology on 
the T i3 0  surface than on other 
surfaces.
The most potent nanostructure for 
osteogenic differentiation consisted 
of T i30  and T il 50 w hile the Ti300 
had a lim ited effect.
Nanopores o f 30 nm  m ay promote 
early osteoblastic differentiation 
and, consequently, rapid 
osseomtegration o f titanium  
im plants
The arrays p rofile led the expression 
of 84 genes important for ce ll-ce ll 
and cell-m atrix interactions
1 8 genes were more under expressed 
on T i 30 than on the other surfaces, 
including 3 collagens (C O L6 A 1, 
C O L 7 A 1, C O L 8 A 1), 6 integrins and 
4 metalloproteases (M M P2,
M M P14, M M P16 and SPG 7 M M P).
In  contrast, on T il 50, only 3 genes 
(V C A N , C T N N B 1, IT G a V ) were 
slig h tly  under expressed compared 
to the other surfaces.
On Ti300, 6 genes (C O L 7 A 1, 
IT G a 4 , ITG fJ5, SP G 7, T IM P 2 and 
C L E C 3 B ) were over expressed as 
compared w ith T i30  and T il50 and 
M M P1 was expressed more than as 
much as on the T i surface.
OO




NA T i disks 
were 
prepared 
from  1mm 
thick sheets 
o f grade 2 
unalloyed T i.
For D irect Culture:
C e lls were plated on the surfaces at 
a density o f 5,000 cells/cm 2 and 
grown to confluence on TC P S 
(about 7 days).
A t confluence, the m edia were 
changed, and ce lls were incubated 
for 24 hours.
NA
For Indirect Culture “Co-Culture”: 
M SC s wrere plated at 5,000 
cells/cm 2 m 6 wre ll plates 
and cultured in  M SCG M . W hen 
the M G63 ce lls on the test surfaces 
were confluent, the disks 
were moved mto ce ll culture 
inserts above the M SCs in  the 6 
w e ll plates.
C e lls were fed using D M EM , 10 %  
F B S , and 1 %  PS for an additional 
12  days in  the co-culture system.
A lkalin e  phosphatase specific 
activity, an early marker of 
osteogenic differentiation, increased 
two fold on titanium  surfaces when 
compared to T C P S .
Osteocalcin increased slightly m 
cultures grown on P T  and S L A  
surfaces over basal levels but had a 
three-fold increase in  cultures grown 
on m odSLA  surfaces.
Secreted O PG  increased only in  
M SC s grown on the hydrophilic 
m odSLA  surfaces.
Levels o f V E G F -A  decreased 
slig h tly in  the conditioned media of 
ce lls grown on titanium  surfaces but 
were significantly decreased on the 
m odSLA  substrate.
R U N X 2 expression was increased 
on titanium  surfaces and 
significantly increased on m odSLA  
surfaces as compared to T C P S  w hile 
Osteocalcin was also significantly 
up regulated on m odSLA  surfaces.
A fter 12  days m the Co-culture 
system, M SC ce ll number 
significantly decreased m cultures 
exposed to osteoblasts on titanium  
surfaces
The surface m icrostnieture and 
surface energy are able to direct 
M SC s towrard an osteoblast lineage.
U sing the co-culture model, that 
differentiated osteoblasts on im plant 
surfaces create a sufficient 
environment for osteogenic 
differentiation o f the surrounding 
M SC s. ’
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C e lls M e d ia P ro to co l R e s u lt;






Serum M a te ria l’s
Fo rm
M a te ria l’ s
Cone.
A p plications C onditions
Y ttriu m -
Stab ilized
Z irca n ia















a-M EM 10 % F B S , 
2 niM  L - 
glutam ine 
, 0.2 mM 
ascorbic 
acid, 100 
U /in L  
p en icillin , 
and 100 
m g/m L 
streptomy 
cm.
Yrtntm i is  
used in  this 
experiment 
as Y S Z -P V P  
fibers.
Ceram ic scaffolds wrere seeded at a 
density o f 2 x l0 + ce lls/cn r and 
cultured in  an incubator 
for up to 14 days in  OM  and in  
both BM
and M M  for 28 days.
The culture medium was refreshed 
every 2 days.
B M = Basal M edium  
O M = Osteogenic medium 
M M = supplemented osteogenic 
medium to support the osteogenic 
diff.
N A * A ll investigated scaffolds showed a 
high rate o f viable cells, w hich 
indicates no cytotoxic effects 
derived from  the developed Y S Z  
nanofibnllar scaffolds.
* The nanofibers mat offered a very 
low  density, in  the range of 
0.06-0.09 g/cm 3.
* B u lk  Y S Z  scaffolds had a 
significantly higher m etabolic 
activ ity than a ll nanofibrous 
scaffolds, w hich could be due to the 
higher differentiation o f hM SCs on 
nanofibrous scaffolds compared to 
bulk Y S Z .
* A L P  activ ity increased between day 
7 and day 14  m  OM  and was 
significantly enhanced for C O  
annealed scaffolds.
* Gene expression o f R U N X 2 was 
significantly higher for C O  and M W  
annealed scaffolds compared to bulk 
Y S Z  in  both culture media.
* R U N X 2 stim ulates other 
downstream osteo-related genes 
such as osteopontin (O FN ), 
osteocalcin (O CN ), bone 
sialoprotein (B SP), and type I  
collagen.
* The osteogenic differentiation and 
m ineralization o f seeded human
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m esenchymal stromal cells were 
supported b y the nanofibrous 
structure o f Y S Z  scaffolds, in  
contrast to the w ell-know n bioinert 
behavior o f bulk Y S Z .
Tetragonal
Z irco n ia
P o lycrysta l
(Y T Z P )
Scaffolds
59 hA D M SC Human N A N A Passage 4 is  
used m the 
experiment.
D M EM  /  
F 12
N A Scaffold 
samples used 
were taken 
from  Y -T Z P
Y -T Z P  have 
grooves and 
holes m tlie ir 
rod section 
w ith
a Y -T Z P  size 
(0  =  2.9m m , P  
=  3mm).
Y -T Z P S s were 
put into 24 
culture w ells 
(M 24) with 
2 x 106 ce lls 
(200 plVw ell) 
And then 
incubated for 1 
hr.
Tubes were 
rocked to m ix 
ce lls with 
the suspensions 
and Y -T Z P S s. 
T lie  cell-coated 
Y -T Z P S s then 
were ready m 
the next 3 days 
for SEM
Dynam ic • M SCs on the expressions o f C D  90, 
C D  73 and C D  105 were above 
9 5 % , w hile they on C D  14, C D  19, 
C D 34 , C D  45 and H L A -D R  were 
below  2 % .
• Results o f the To x icity  Test on Y - 
TZP Ss in  96M revealed that Y - 
TZP Ss was not toxic to hA D M SC
• Y -T Z P S s - hA D M SCs as a 
biom aterial had high 
biocom patibility for osseointgrated 
acceleration o f im plantation.
H ydroxy­
apatite (H A ) 
doped w ith 
either 
Cadm ium  
(C d ),
Z in c (Z n ), 
M agnesium  
(M g), or 
Y ttriu m  (Y )
60 Osteoblas
ts
Rat N A N A Osteoblasts 
at population 
numbers 2 -4  
were used in  
the
experiments.
D M EM 1 0 %  FB S Undoped H A  




m o l% ) of 
select 
elements 
[C d , Zn , M g, 
or Y ] were 













H A  as w ell 
as on H A  
doped w ith 2 
m o l%  o f either, 
Cd, Zn , M g, or 
Y  and allowed 
to adhere for 
4hrs.
N A • Compared w ith glass (reference 
substrate), osteoblast adhesion was 
significantly (p <  0 .0 1) greater on 
undoped H A .
• Sig n ificantly (p <  0.01) greater 
amount o f album in, lam inin, and 
fibronectm  adsorbed onto undoped 
H A  than onto H A  doped w ith 2 
m o l%  o f either C d , Zn , M g, or Y , in  
fact no album in, lam inin, and 
fibronectin were detected on H A  
doped w ith either Cd, Zn , M g, or Y .
• Compared w ith undoped H A , 
osteoblast adhesion was 
significantly (p <  0.05) greater on 
H A  doped w ith 2 m o l%  o f either 
cadmium, zinc, or magnesium and
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was the greatest on H A  doped w ith 2 
m o l%  yttrium
* A  significantly (p <  0.01) greater 
amount o f calcum i adsorbed on H A  
doped w ith 2 m o l%  Y  than on 
undoped H A  as w ell as on H A  
doped w ith either C d , Zn , or M g.
* The present study demonstrated, for 
the first tm ie, enhanced osteoblast 
adhesion on H A  doped w ith Y
N ana- 
structured 
C a lciu m  
Phosphate 
(nC'aP) on 
M agnesium - 
Y ttriu m  alloy 
substrates
61 BM SCs Sprague




M ale C e lls were 
harvested 




D M EM 1 0 %  PB S 
&  1 %  PS
Pure (99.9 
% )  M g 250 
p in  thick 
sheets and 
M agnesium - 
4 w t.%  
Yttrium  
(M gY) alloy 
were used m 
tins stud)-.
The pure M g 
and M g Y  
sheets o f 250 
pm  thick were 
then cut mto 




and ce ll 
culture.
W hen the 
B M SC s 
reached 90 %  
confluency, 
they were 
and seeded at a 
density' of 
10,000
cells/cm 2 onto 
the nC aP- 
coated and non- 
coated M g
and M g Y  
samples in  a 12  




Static * The m ajority o f BM SC s showed 
m orphological changes when 
cultured w ith M g and M g Y  samples 
as compared w ith the ce lls only 
control without any samples.
* W hen placed in  a rabbit m odel, C aP - 
coated M g alloy im plants showed 
enhanced new bone growth around 
the im plant and exhibited increased 
osteoconductivity and osteogenesis 
compared to non-coated M g alloys.
T h e y  didn't say how, and it  was m ainly 
engineering analysis for surface 
topography and adhesion"
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C e lls from 
the 2nd
passage were 
used in  this 
experiment
D M EM 1 0 %  FB S 
&  1 %  PS
M g - 4  wt. %  
Y  (M gY) 
a llo y was 
prepared b y 
m elting M g 
w ith 4 w t. %  
Y .
The as-cast 
M g Y  alloy 
ingot was cut 
into 250 pm 
thick discs.
The as
produced M gY 
allo y discs 
had thermal 
oxide layers on 
their surfaces 
and were called 
M g Y _ 0  in  this 
study.
C e lls wrere 
seeded directly 
onto M g Y O  
and M gY_P 
samples at a 
density o f 
40,000 
cells/cm 2 and 
incubated for 
24 hrs.
B ioactive glass 
wras used as a 
positive control





Static • The B M SC s cultured on bioactive 
glass had an elongated, spindle like 
morphology’
• The most ce ll adhesion was 
observed on the surface o f bioactive 
glass and the least ce ll adhesion on 
M g Y _0 .
• The in  vitro B M SC  culture results 
showed that M gY_P was superior to 
M g Y _0  as a substrate for ce ll 
adhesion.
• M g Y  O degraded more slow ly than 
M g Y  P in  D I water because 
M g Y  O began w ith a protective 
thermal oxide layer
• The photographs o f degradation 
over time showed that degradation 
o f M g Y _ 0  samples m D M EM  






M g -A g -Y
alloys
63 M SCs for 
the in -  
v itro  
expermie 
nts.
Human N A N A N A N A N A M g -A g -Y
alloys,
composed of 
1 wt. %  A g 
and 1 wt. %  
Y , wrere 
prepared.
The ce ll v ia b ility  was assessed 
after 2 4 ,48, and 72 h  o f in  
vitro  culture under the influence o f 
aqueous extract of M g- 
A g -Y  alloys
N A • The cjuantity o f ce lls in  the M g -A g - 
Y  alloys group were significantly 
better than that o f +ve control group 
and there was no statistical 
difference between the vanous level 
o f M g -A g -Y  allo ys extract group 
and the negative control group.
• C e ll toxicity test indicated no 
cytotoxic effect, and the a llo y and its 
degradation products do not show 
toxicity' to experimental anim als
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N A 36 N A N A A ll rats were N A N A N A N A Holes N A * D uring the whole research, a ll rats
Sprague random ly (0 1.5 x 4  mm) survived, and the serum Mg2+ ions
Daw ley separated were d rilled concentration was fluctuated around
rats for into 3 groups around the left the norm al range, w hich was 0 .9 6 -
the in  - according to distal femora 1.5 5  m rnol/L in  M g -A g -Y  alloy.
vivo im plant and the rod 0.88—1.3 1 m m ol/L in  pure-M g, and
expemn m aterials: samples were 0 .9 3 -1.2 7  m m ol/L in  SS group
ents G P . A : M g- perpendicularly
lA g -lY , im planted into * M g -A g -Y  alloy, composed o f 1 wt.
G P . B : Pure- m etaphysis o f %  A g  and 1 wt. %  Y , occupied
M g, and the rat femora. better elastic m oduli, tensile and

















Serum M a te ria l’s
Form
M a te ria l’s
Cone.
A p plications Conditions
H yd ro xy­
apatite 
N an op base 
Co-doped 
w ith 
G a lliu m . 





A S C s Human N A N A N A ct-M EM 10 %  FB S 








(n o 3)3, &
magnesium 
chloride 






(N aH C O j, 
w'as dropped 






(G aH A s) were 
prepared, w ith 
nom inal 
(where X g* is  
the m olar ratio 
G a/C a) equal to 
0.025, 0.05, 
and 0 .1.
A lso , two 
different m ulti- 
substitnted 
m aterials were 
prepared with 
Xoa= 0.25 and 
0.5, XMg= 0.1 
(where X m-  is  
the m olar ratio 
M g/Ca) 
and X co= 0.1 
(where Xc o3 is  
the m olar ratio 
C 0 3/P 0 4 )
24hrs. after the 
ce ll seeding, 2 
different cone. 
(50 and 500 
p g/inL) o f 
nanop articles 
(G a -H A -2 , G a- 
M C H A -2, 
and H A ) were 
added and the 
ce lls left in  
culture for 14 
days.
N A • Enhancement m ce ll proliferation 
induced b y the presence o f G a, in  
detail G a -M C H A -2 at the highest 
concentration starting from  day 3 
w ith respect to H A  group.
• The results show no changes in  ce ll 
morphology induced b y the presence 
o f the foreign ions Ga , M g and C 0 3  
in  the apatite structure.
• The A L P  activ ity was up -regulated 
b y the presence o f the highest 
concentration of G a -M C H A -2 only 
at day 14  w ith respect to G a -H A -2 
and H A  used as control group.
• H ie  doping w ith gallium  was 
effective in  inducing antibacterial 
effect against some bacterial strains, 
without reducing the v ia b ility  o f 
human cells
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hM SCs Human N A N A hM SCs 




M SCG M N A T lie G a N  
film s were 




using a 2 - 
step growth 
procedure. 
W hile  the 
nonporous 









o f G aN  was 
fixed at 5 x1018 
cm -3.
C e lls  were 
cultured both 
on p lain  G aN  
film s and 
nanoporous 
G aN  film s with 
different pore 
sizes.
2000 ce lls were 
seeded in  each 
hole. The 
w iiole
devic es were 
incubated for 4 
hrs. and 2 4 lirs .
N A • G aN  film s w ith nanopores o f 30 nm 
most effectively supported 
osteogenic differentiation
• hM SCs on G aN  film s w ith 30 nm 
nanopores (2 6 %  porosity') showed 
the largest spreading area, w iiile  
those on G aN  film s w ith 80 urn 






(G P G s)
6
6
BM SCs Mouse N A N A Passage 5 is 




10 %  FB S H ie  p -T C P  
powders (dso 
=  3.0  pm) 
and G PG s 
powders 









G P G s (G P G 1, 
G P G 2, and 








G P G s additive
were named as
T C P ,
and those w ith 
G P G s additives 
were
designated as 
TC P -G P G s; 
float is , die 
scaffolds w ith 
G P G 1, G P G 2, 
and G PG 3 
additives were 
designated as 
T C P -G P G l, 
T C P -G P G 2, &  
TC P -G P G 3*
The C e lls were 
seeded into the 
96-w ell plate 
w ith a 
density o f 
2X 10 3 ce lls per 
wre ll. After 
incubation for 1 
day, the media 
were replaced 





N A • For the ce lls treated with the extracts 
o f TC P , T C P -G P G 1, and T C P - 
G P G 2, the ce lls h ig h ly elongated 
and com pletely spread, however, 
very few ce lls were present in  the 
TC P G P G 3 extract, and most cells 
did not fu lly  spread.
• A fter culturing for 3 and 5 days, the 
best ce ll proliferation was shown in  
T C P -G P G l, follow ed b y T C P - 
G P G 2. The ce ll number in  T C P - 
G PG 3 extract was significantly 
low er than T C P  extract.
• A t the 7th and 1 4th days, die 
m BM SCs cultured in  the T C P -G P G s 
extracts showed obviously lower 
A L P  activity than those m the T C P  
extract.
• Compared w ith T C P  extract, the 
m BM SCs cultured m T C P -G P G s 
extracts expressed distinctively 
low er level o f C o l I, Rnnx2, and 
O PN  and as for the m BM SCs 
treated w ith T C P -G P G s extracts 
containing greater amount o f Ga 
(T C P -G P G l <  T C P -G P G 2 <  T C P -
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